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A b s t r a c t
The f low of a m ix tu re  o f  a i r  and w ate r  i n  b o th  
h o r i z o n t a l  and v e r t i c a l  p ip e s  was s t u d i e d .  Two k in d s  of 
p ip e s  were used  : a g a lv a n i s e d  1 . 009" I .D .  p ipe  and a
rough 0 .9 8 6 ” I .D .  p ipe  of a r e l a t i v e  roughness  k/d= .0282, 
t o g e t h e r  w i th  a v e r t i c a l  g l a s s  p ipe  0 .977" I .D .
The f low ty p e s  a s  v i s u a l i z e d  were found t o  be 
bubble  and s e p a r a t e  f low  f o r  h o r i z o n t a l  p i p e s ,  w h i l s t  f o r  
v e r t i c a l  p ip e s  th e  f low ty p e s  were bubble  and s lu g .
The f low  was d iv id e d  i n t o  f o u r  p o s s i b l e  com bina t ions :
1 . w ate r  t u r b u l e n t ,  a i r  t u r b u l e n t  : t . t .  f low
2 . " v i s c o u s ,  ” v i s c o u s  : v . v .  f low
3 . " " ,  " t u r b u l e n t  : v . t .  f low
4. " t u r b u l e n t ,  " v i s c o u s  : t . v .  f low.
A cco rd in g ly , the  f lo w  was found to  be o f  th e  t . t .
and t . v .  ty p e s .
Equa t ions  were d e r iv e d  f o r  d e te rm in in g  th e  f r a c t i o n  
of p ipe  a r e a  f i l l e d  w i th  a i r .  Two d i f f e r e n t  e q u a t io n s  
were found d e s c r i b i n g  th e  s e p a r a t e  and bubble  f low .  These 
e q u a t io n s  in v o lv ed  c o n s t a n t s  which were de te rm ined  by 
exper im en t .
They le a d  to  a d im e n s io n le s s  p a ram e te r
which had a d e f i n i t i v e  r e l a t i o n s h i p  w i th  th e  o p e r a t in g  
v a r i a b l e s .  The b ehav iou r  of  t h i s  p a ram e te r  i s  d i f f e r e n t  
f o r  d i f f e r e n t  ty p e s  of f low ,  which was de te rm ined  
e x p e r im e n ta l ly  f o r  th e  t . t .  and t . v .  f low ty p e s .  The 
r e s u l t s  were compared w i th  th o s e  of  o th e r  i n v e s t i g a t o r s  
and a f a i r l y  s a t i s f a c t o r y  c o r r e l a t i o n  o b ta in e d .
A new method f o r  measuring  th e  f r a c t i o n  o f  p ipe  
a r e a  f i l l e d  with a i r  i s  p r e s e n te d .  The method appeared  
p rom is ing  when the  r e s u l t s  were compared w i th  th o s e
9
o b ta in e d  by th e  use  o f  a c in e -cam era .  This  method i s  of  
g r e a t  i n t e r e s t  s in c e  i t  i s  fundam enta l  and w i th  f u r t h e r  
development g r e a t e r  accu racy  shou ld  be p o s s i b l e .
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CHAPTER I
I n t r o d u c t i o n
Many e n g in e e r in g  problems in v o lv e  th e  s im u l ta n eo u s  
f low of a gaseous phase and a l i q u i d  phase .
Although knowledge of th e  c h a r a c t e r i s t i c s  of th e  
f lo w  i s  n e c e s s a ry  f o r  th e  d e s ig n  of many ty p e s  of 
i n d u s t r i a l  equipm ents ,  r e l a t i v e l y  l i t t l e  i s  known about 
the  c o n t r o l l i n g  pa ram e te rs  t h a t  e x i s t  f o r  p r e d i c t i n g  
th e  p r e s s u r e  l o s s  and o th e r  hydrodynamical phenomena 
f o r  g iven  f low c o n d i t i o n s .
In  th e  d e s ig n  of w a te r - tu b e  b o i l e r s ,  a knowledge 
of th e  mechanics of  c i r c u l a t i o n  i s  i n d i s p e n s a b l e  i f  th e  
arrangement o f  th e  tu b e s  and th e  f i x i n g  o f  t h e i r  
d imensions i s  t o  be c a r r i e d  out s a t i s f a c t o r i l y .
All e v a p o ra to r s  and condense rs  i n  h e a t  power 
i n s t a l l a t i o n s  in v o lv e  th e  f low of  gas  l i q u i d .m i x t u r e s .
The tu b e s  of  o i l - c r a c k i n g  f u r n a c e s ,  r e f r i g e r a t i o n  systems 
and b o i l e r  blow o f f  l i n e s  a re  o t h e r  examples of  t h i s  
ex t rem ely  complex type  of  f low .
In  o i l  f i e l d s  th e  d i l  i s  produced a s s o c i a t e d  w i th  
v a ry in g  amounts of  n a t u r a l  g a s ,  o r  the  p r o d u c t io n  i t s e l f  
i s  a s s i s t e d  by th e  use  o f  gas  l i f t s ,  hence th e  d e s ig n  
f o r  tu b in g s  f o r  w e l l s  and o i l  p ro d u c t io n  p ip in g  
i n s t a l l a t i o n s  r e q u i r e s  th e  knowledge of th e  p r i n c i p l e s
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of  th e  two-component f l u i d  f low .
With t h e  r a p id  development o f  t h e  chem ica l  i n d u s t r y  
th e  i n c r e a s i n g  f req u en cy  of occurence  of  two-phase  f low 
systems f o r  h e a t  t r a n s f e r ,  mass t r a n s f e V  and as  a medium 
f o r  chem ical  r e a c t i o n s  has  drawn a t t e n t i o n  to  th e  
im portance  of  t h i s  problem.
The f low  s i t u a t i o n  v a r i e s  g r e a t l y  among th e s e  
examples.  In  some, th e  f l u i d s  f low c o - c u r r e n t l y  and 
i n  o th e r s  c o u n t e r - c u r r e n t l y .  The flow may be i n  any 
d i r e c t i o n  w i th  r e s p e c t  t o  g r a v i t a t i o n a l  f o r c e .  The 
geometry of th e  co n d u i t  i t s e l f  v a r i e s  from c y l i n d r i c a l  
p ip e s  to  c o m p l ica ted  pas sag es  th ro u g h  porous  media.  
Moreover,  many of such systems of f low a r e  accompanied 
w i th  hea t  exchange. During fo rc e d  c o n v e c t io n  b o i l i n g  
and c o n d e n s a t io n ,  th e  r e l a t i v e  v e l o c i t i e s  of th e  two 
f l u i d s  p la y  a major  r o l e  i n  d e te rm in in g  th e  h e a t  t r a n s f e r  
r a t& s .
Review of p r e v io u s  work
D esp i te  th e  f a c t  t h a t  t h e  two-component f low  o f  
f l u i d s  i s  f r e q u e n t l y  en c o u n te red ,  th e  amount of  a n a l y t i c a l  
and e x p e r im en ta l  d a t a  i s  q u i t e  meagre.
From th e  h i s t o r i c a l  p o in t  of  v iew, a t t e n t i o n  was 
f i r s t  drawn to  th e  two phase f low  problem by th e  a i r  l i f t  
pumps ; more r e c e n t l y ,  i n  th e  p r o d u c t io n  of  pe t ro le u m  by 
th e  use  o f  th e  a i r  l i f t .  S e v e ra l  i n v e s t i g a t o r s  a t t a c k e d  
th e  problem of f lo w in g  o i l  w e l l s  a n a l y t i c a l l y ,  such as
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V ers luys  (4-3). He c a l c u l a t e d  the  work done on an 
e lem en ta ry  l e n g th  of a p ipe  by th e  p r e s s u r e ,  g r a v i t a t i o n a l  
f o r c e ,  k i n e t i c  ene rgy ,  f r i c t i o n a l  r e s i s t a n c e  and t h a t  due 
to  th e  expans ion  of th e  g as .  Equat ing  t h i s  to  z e ro ,  he 
o b ta in ed  a fo rm ula  r e l a t i n g  th e  p r e s s u r e  g r a d i e n t  w i th  
th e  v a r i a b l e s  in v o lv e d .  I t  should  be no ted  t h a t  i n  
d e r iv in g  t h i s  e q u a t io n  he d id  no t  a l lo w  f o r  th e  r e l a t i v e  
v e l o c i t y  between a i r  and w a te r .  Using th e  n o t a t i o n  of 
t h i s  t h e s i s ,  th e  e q u a t io n  co u ld  be r e w r i t t e n  th u s :
where 0 = a c o n s t a n t  and ^  = c o e f f i c i e n t  to  be
de te rm ined  e x p e r im e n ta l ly .
To a l low  f o r  th e  e f f e c t  o f  th e  r e l a t i v e  v e l o c i t y ,  
he added a term t o  th e  p r e v io u s  e q u a t io n  f o r  th e  work 
done by t h i s  v e l o c i t y ,  r e s u l t i n g  i n  th e  f o l lo w in g  m od if ie d  
eq u a t io n  ;
i ---------------------------------------------------  ;---------------------
The number between b r a c k e t s  r e f e r s  t o  b i b l i o g r a p h y .
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where v = th e  r e l a t i v e  v e l o c i t y  = v -  v . O ther  r  a w
i n v e s t i g a t o r s  have a t t a c k e d  the  problem e x p e r i m e n ta l l y  
such as Moore and Wilde (33) who performed t h e i r  
exper im en ts  w i th  n a t u r a l  gas and o i l  showing th e  
im portance  of t h e  r e l a t i v e  motion  of gas  w i th  r e s p e c t  
to  th e  l i q u i d -
R ecen t ly  th e  two-phase ,two-component f low  has 
been s t u d i e d  by s e v e r a l  i n v e s t i g a t o r s .  The most 
comprehensive of t h e s e  i n v e s t i g a t i o n s  i s  t h a t  of  M a r t i n e l l i  
and co -w orkers  (20 ,27 ,28 ,30 , .3^  ,3 8 ) .  R e a l i s i n g  th e  
ex t rem ely  complex m ic roscop ic  b eh a v io u r  of th e  two-phase 
f low sys tem s ,  th e y  found i t  p o s s i b l e  to  an a ly se  th e  
problem f ro m .a  macroscopic  p o in t  of  v iew. T h e i r  
e x p e r im e n ta l  t e s t s  were made w i th  a i r  and one of s e v e r a l  
l i q u i d s  i n  tu b e s  v a ry in g  i n  s i z e  from c a p i l l a r y  to  one 
in c h  d ia m e te r .  By ana logy  to  s i n g l e  phase f low  ( see  
Appendix I I )  t h e  i n v e s t i g a t o r s  o b ta in e d  a s e m i - t h e o r e t i c a l  
r e l a t i o n s h i p  which w i th  e m p i r i c a l  c o n s t a n t s  c o r r e l a t e d  
t h e i r  d a t a  r e a s o n a b ly  w e l l ,  even though  th e  i n t r i c a t e  
d e t a i l s  of  the  f low ty p e s  were not c l a r i f i e d  . This  
c o r r e l a t i o n  i s  p ro b ab ly  s a t i s f a c t o r y  f o r  d e s ig n  work, 
a l th o u g h  f o r  some ty p e s  of  f low as shown by Gazley and 
B e rg e l in  (3)  and B o e l t e r  and Kepner ( 7 ) ,  th e  c o r r e l a t i o n
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does no t  hold*
In  an a t tem p t  to  a t t a c k  th e  problem t h e o r e t i c a l l y  
Hershey (18)  d e r iv e d  a c o n t i n u i t y  e q u a t io n  :
where t h e  s u f f i x  m r e f e r s  t o  th e  mixture*
By d im ens iona l  a n a l y s i s  he d e r iv e d  th e  r e l a t i o n  
between c< and th e  v a r i a b l e s  in v o lv e d :
Gazley (13) d e a l t  w i th  th e  f low w ith  a common 
i n t e r f a c e  ( s e p a r a t e  f low) and found t h a t  the  r e s i s t a n c e  
to  f low  a t  a f l u i d - f l u i d  i n t e r f a c e  i s  s i m i l a r  t o  t h a t  
o c c u r r in g  a t  a smooth f l u i d - s o l i d  i n t e r f a c e .  In  ca se  of  
i n t e r f a c i a l  waves th e  mechanism of energy  l o s s  i s  s i m i l a r  
to  t h a t  f o r  f low  o ver  rough s o l i d  s u r f a c e s .
B e rg e l in  ( 6 ) has  p l o t t e d  t h e  c o e f f i c i e n t  o f  f r i c t i o n  
a g a i n s t  a s u p e r f i c i a l  Reynolds number based  on th e  q u a n t i t y  
of  a i r  f lo w in g  and th e  p ipe  d ia m e te r .  He found t h a t  th e
where 6/r  * volume of  gas  f low ing  r e l a t i v e  t o  t h e  l i q u i d
a
p e r  u n i t  t im e and c< = SZ2- . , and an energy  e q u a t io n  :
where V  «= s u r f a c e  t e n s i o n .
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c u rv e s ,  f o r  c o n s t a n t  w a te r  d i s c h a r g e s ,  a r e  s i m i l a r  to  
some e x t e n t  to  th o se  f o r  rough p i p e s .
Jhonson and Abou-Sabe (19) s tu d i e d  t h e  f low of a 
m ix tu re  of  a i r  and w a te r  i n  a h o r i z o n t a l  b r a s s  p ipe  b o th  
i s o th e r m a l  and n o n - i s o t h e r m a l , pay ing  p a r t i c u l a r  a t t e n t i o n  
to  th e  r a t e s  of  h e a t  t r a n s f e r  i n  ca se  of  m ix tu re  f low .  
T h e i r  r e s u l t s  were a l l  o f  t h e  t u r b u l e n t - t u r b u l e n t  type  
in c lu d i n g  s e v e r a l  f low p a t t e r n s .  When th e  r e s u l t s  of  th e  
i s o t h e r m a l  p r e s s u r e  drops  were . c o r r e l a t e d  w i th  M a r t i n e l l i ,
th e  p o i n t s  on th e  0 -  X curve  were found to  be no t  v e ry
f a r  from th e  c u rv e ,  b u t  each s e t  of  p o i n t s  f o r  th e  same
Q , seemed t o  f a l l  on a d i f f e r e n t  curve  p a r a l l e l  t o
M a r t i n e l l i ’ s cu rv e .  This  shows t h a t  0 i s  no t  on ly  a
f u n c t i o n  of X, bu t  v a r i e s  w i th  a f u n c t i o n  of  Q asw
w e l l .  Kegel (21) i n v e s t i g a t e d  t h e  downward c o - c u r r e n t
f low of a i r  and w a te r ,  a condense r  l i k e  f low  . c o n f i g u r a t i o n .
His two-phase p r e s s u r e  drop  measurements showed a
sha rp  i n c r e a s e  w i th  th e  i n c r e a s e  of  Q . He d e f in e d  aw
s u p e r f i c i a l  f r i c t i o n  f a c t o r  and a s u p e r f i c i a l  Reynolds 
number as f o l lo w s :
where t h e  s u f f i x  2 r e f e r s  t o  th e  a i r  p h a s e ,  and W i s
th e  weight  r a t e  of  f low .  He found a c c o r d in g ly  t h a t  f
c
* 0^ i s  th e  r a t i o  o f  th e  two phase p r e s s u r e  drop t o  t h e
p r e s s u r e  drop i f  th e  l i q u i d  i s  f lo w in g  a lo n e  and X  ^ i s  the  
r a t i o  of  s i n g l e  phase p r e s s u r e  drop  o f  l i q u i d  to  g a s . ______
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i n d i c a t e d  th e  p re se n ce  of  i n c r e a s i n g  roughness  a s  the  f low  
of w a te r  in c reased *  . I
The e f f e c t  of  t h e , s u r f a c e  t e n s i o n  was p a r t l y  s t u d i e d  j
by T ay lo r  (40) and i t  ap p ea rs  t o  have a minor e f f e c t  on the  |
two-phase p r e s s u r e  d rop ,  bu t  a f f e c t e d  g r e a t l y  th e  f low  
type  : th e  w e t t in g  agent  added to  th e  w a te r  caused  th e
two phases  to  c o a le s c e  forming an em uls ion .  1
Among th o se  who s t u d i e d  th e  ty p e s  o f  f low 
v i s u a l l y  a r e  G osl ine  (16) and Kawaratani (20) 
who performed t h e i r  expe r im en ts  on v e r t i c a l  p ip e s .  For 
h o r i z o n t a l  p ip e s  th e  o b s e r v a t io n s  of  B e rg e l in  (5)  conf irm ed  
the  q u a l i t a t i v e  r e s u l t s  of  p r e v io u s  i n v e s t i g a t o r s  such as  >
Kelakos (22) and R e ic h a r t  (39)* With th e  changes  i n  th e  
f low r a t e s ,  a t  l e a s t  f i v e  d i s t i n c t  ty p e s  o f  f low  have
been r e p o r t e d  by t h e s e  o b s e rv e r s  f o r  th e  f low  i n  h o r i z o n t a l  j
!p ip e s  : I
(1)  Bubble f low  i n  which s e p a r a t e  b u b b le s  of  gas  move j
a long  th e  to p  of th e  p ip e  a t  ap p ro x im a te ly  th e  same v e l o c i t y  |
|
of  t h e  l i q u i d .  jj
(2)  S t r a t i f i e d  f low  i n  which th e  l i q u i d  f low s a long  th e  j 
bottom o f  th e  p ipe  and gas  f low s  above over  a smooth i n t e r f a c e :
(3)  Wave f low  which i s  s i m i l a r  t o  (2)  ex c ep t  t h a t  t h e  - j 
gas  moves a t  a h ig h e r  v e l o c i t y  and t h e  i n t e r f a c e  i s  d i s t u r b e d  | 
by waves. j
(4 )  Slug f low  i n  which th e  l e v e l  o f  th e  i n t e r f a c e  r i s e s  and |
f a l l s ,  and f r o t h y  s lu g s  p as s  p e r i o d i c a l l y  a long  t h e  p ip e  a t
a much g r e a t e r  v e l o c i t y  th a n  t h e  ave rage  l i q u i d  v e l o c i t y .
(5)  Annular  f low  i n  which th e  l i q u i d  f low s i n  a f i l m  
around th e  p ipe  w a l l  and the  gas f low s a t  a h ig h  v e l o c i t y  
th ro u g h  th e  c e n t r a l  core*
For t h e  case  of  c o - c u r r e n t  f low  i n  v e r t i c a l  p i p e s ,  
b u b b le ,  s lu g  and a n n u la r  f low occur  d u r in g  upward m ot ion ,  
b u t  on ly  s lu g  and a n n u la r  f low occur  d u r in g  downward f low .  
When c o u n t e r - c u r r e n t  f low  of  gas and l i q u i d  i s  c o n s id e r e d ,  
the  p o s s i b l e  ty p e s  of  f low  a r e  even more l i m i t e d  and t h e  
d a t a  a v a i l a b l e  a re  v e ry  l i t t l e .  Alves (3 )  v i s u a l  
o b s e r v a t io n s  of  th e  v a r io u s  f low p a t t e r n s ' i n  a s t r a i g h t  
tube  of a p ipe  l i n e  c o n t a c t o r  ( t o g e t h e r  w i th  a r e t u r n  bend) 
f o r  w a t e r - a i r  m ix tu re s  were compared w i th  t h o s e  f o r  o i l - a i r  
m ix tu re s .  The f low p a t t e r n s  o b ta in e d  i n  t h e * c o n t a c t o r  d id  
no t  occu r  i n  th e  same o r d e r  as  d e s c r ib e d  above, because  
of  t h e  e f f e c t  o f  up - f lo w  r e t u r n  bends on th e  f low i n  th e  
s t r a i g h t  l e n g th s  of  p ip e .  S e p a ra te  f low was not  p o s s i b l e  
w i th  th e  r e t u r n  bend.  Thus, th e  bend would have an e f f e c t  
upon the  o t h e r  ty p e s  o f  f low  excep t  p o s s i b l y  a n n u la r  f low .  
An up - f lo w  bend p re c e d in g  a p a s s  caused  s lu g g in g  i n  t h a t  
p a s s .  The ex p e r im e n ta l  d a t a  i n d i c a t e d  t h a t  t h e  t r a n s i t i o n  
from wavy f low to  a n n u la r  f low  f o r  t h e  w a t e r - a i r  m ix tu re s  
may occur  f o r  a i r  v e l o c i t i e s  s l i g h t l y  h ig h e r  th a n  th o se  
f o r  o i l - a i r  m i x t u r e s ,  and f o r  th e  w a t e r - a i r  m ix tu re s  t h i s  
t r a n s i t i o n  o cc u r red  a t  a i r  f low  r a t e s  two o r  t h r e e  t im es  
as  g r e a t  as  t h o s e  r e p o r t e d  by B e r g e l in  ( 5 ) .  Regions o f  
v a r i o u s  f low  p a t t e r n s  i n  te rm s o f  th e  w eight  r a t e s  o f  f low
-  9 -
of  w a te r  and a i r  i n  s t r a i g h t  h o r i z o n t a l  tu h e s  have been !
d e f in e d  by Johnson and Abou-Sabe (19)  f o r  a 0 ,87"  h o r i z o n t a l  |
p ip e .  They observed  the  f low p a t t e r n  th ro u g h  a g l a s s  s e c t i o n  j
as  w e l l  as  u s in g  s t ro b o s c o p ic  and p h o to g rap h ic  t e c h n iq u e s  5
which -  as  th e y  r e p o r t e d  -  d id  no t  y i e l d  any b e t t e r  
i n d i c a t i o n  f o r  f low  p a t t e r n  c h a r a c t e r i z a t i o n .  They found 
the  dem arca t io n  between p a t t e r n s  so vague t h a t  th e y  made 
no a t tem p t  to  f i x  them. They p r e s e n t  a curve  o f  ^  j
i
a g a i n s t  on which i s  i n d i c a t e d  the  d i f f e r e n t  s t a g e s  o f  I° a °
f low th e y  had observed  s t r a t i f i e d  b u b b le ,  b u b b le ,  p u l s ­
a t i n g  b u b b le ,  s t r a t i f i e d  wavy, s t r a t i f i e d  s l u g ,  s l u g ,  s l u g g i s h  
a n n u la r  and a n n u la r  f low .  K o s t e r in  (24)  d e f in e d  t h e s e  
r e g io n s  a g a i n s t  the  volume f low  f r a c t i o n  of  t h e  gas  and 
th e  s u p e r f i c i a l  m ix tu re  v e l o c i t y  f o r  th e  flow i n  1 , 2 , 3  and 4 M 
d ia m e te r  p ip e s  p la c ed  h o r i z o n t a l l y .
For i n v e s t i g a t i n g  th e  i n f l u e n c e  o f  th e  l a y o u t  of 
th e  p ip e  on th e  r e s i s t a n c e ,  B o e l t e r  and Kepner ( 7 ) found 
a n o t a b l e  e f f e c t  due to  t h e  s lo p e .  The p r e s s u r e  drop i s  
a lmost  doubled a t  c o m p a ra t iv e ly  h ig h  o i l  and a i r  r a t e 3 i f  
th e  p ipe  i s  i n c l i n e d  upwards a t  a s lo p e  of  1 :6  as  c o n t r a s t e d  
w ith  t h e  h o r i z o n t a l  p ip e .  K o s te r in  (24) found t h a t  a t  small  
a i r  r a t e s  the  l a y o u t  of  p ipe  has  an e s s e n t i a l  i n f l u e n c e  on 
th e  c h a r a c t e r i s t i c s  of th e  two-phase  f lo w ,  w h i l s t  no 
pronounced e f f e c t  took  p la c e  a t  h igh  a i r  r a t e s .  T h is  i s  
conf irmed by B e rg e l in  ( 6 ) who found t h a t  th e  o r i e n t a t i o n  
of  t h e  tube  i s  no t  im p o r ta n t  a t  h ig h  gas  v e l o c i t i e s .
-  10 -
The f r a c t i o n  o f  p ipe  a r e a  f i l l e d  w i th  l i q u i d  was 
found by Yagi (45) t o  d e c re a se  a lmost  w i th  a l i n e a r  r e l a t i o n  
on lo g .  p l o t  by i n c r e a s i n g  th e  gas  r a t e  a t  each  l i q u i d  r a t e .  
A f t e r  co n d u c t in g  v a r io u s  c o r r e l a t i o n s  he found an e m p i r i c a l  
fo rm ula  a p p l i c a b l e  w i t h i n  -  20% accuracy
R e ic h a r t  ( 39 ) found t h a t  th e  ty p e  of f low i s  
a p p a r e n t l y  a f f e c t e d  by th e  change i n  p r o p o r t i o n  of  p ipe  
a r e a  f i l l e d  w i th  l i q u i d , w h i c h  p r o p o r t i o n  he found to  be a 
f u n c t i o n  of  th e  r a t i o  of  t h e  l i q u i d  and gas  d i s c h a r g e s  i . e .
/  f t  i s  ©O C L /
M a r t i n e l l i  p l o t t e d  t h e  r a t i o  /A as  a u n i v e r s a l  f u n c t i o n  
of  h i s  p a ra m e te r  XL L a t e r  on, Alves (3)  .showed t h a t  i t  
v a r i e s  a l s o  as  a f u n c t i o n  of  Q . The d a t a  o f  Alves0 Ui
showed t h a t  f o r  each  c o n s t a n t  w a te r  f low  r a t e  t h e r e  was 
a s e p a r a t e  curve  o f  A M /A a g a i n s t  X. The v a l u e s  of  Aw /, 
f o r  h i s  o i l - a i r  m ix tu re  f low  were, from 14 to  54% below th o s e  
p r e d i c t e d  from M a r t i n e l l i * s  c u r v e s ,  y e t  t h e  ex p e r im e n ta l  
r e s u l t s  were w i t h i n  i  15% o f  a smooth Aw /A -  X c u rv e .  
Gazley (13)  found t h a t  th e  l i q u i d  r a t e  ap p e a rs  as  an 
i r r e g u l a r  p a ra m e te r  w i th  th e  r e s u l t s  he o b ta in e d  f o r  
s e p a r a t e  f low .
-  11 -
f
Purpose o f  t h e  p r e s e n t  work
With an e f f o r t  t o  d e s ig n  a w a te r - tu b e  b o i l e r  by Lewis 
and Robertson  ( 2 6 ) ,  th e  problem of d e te rm in in g  th e  f r i c t i o n  
l o s s  t h a t  o ccu rs  when t h e  steam and w a te r  a r e  f low ing  was 
no t  s a t i s f a c t o r i l y  d e a l t  w i th  and th e  need f o r  a more 
r e l i a b l e  method was f e l t  to  be of  much im p o r tan ce .  As an 
approach  f o r  t h e  problem t h e  s tu d y  of  th e  mechanism o f - f lo w  
of a i r  b u b b le s  i n  w a te r  i n  v e r t i c a l  tu b e s  w a s . c a r r i e d  out  
by H a l l  (17) fo l low ed  by t h i s  p r e s e n t  work on h o r i z o n t a l  
as  w e l l  a s  v e r t i c a l  p i p e s ,p a y i n g  p a r t i c u l a r  r e g a rd  to  
f r i c t i o n a l  e f f e c t s .  V isu a l  o b s e r v a t i o n s  were a l lowed f o r  
by th e  whole g l a s s  v e r t i c a l  p ip e  and th ro u g h  t h e  g l a s s  
i n s e r t i o n  b e f o r e  th e  h o r i z o n t a l  t e s t  s e c t i o n .
The t e s t s  a r e  b e l i e v e d  to  throw more l i g h t  on th e  
q u e s t i o n  o f  p o ly p h a se ,  poly-component f low .  They might 
h e lp  to o  i n  s u g g e s t in g  a b e t t e r  method o f  approach  f o r  
r e a c h in g  a workable s o l u t i o n  of such an im p o r ta n t  problem 
i n  e n g i n e e r in g .
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CHAPTER I I
D e s c r i p t i o n  o f  A ppara tus  Used
Genera l  d e s c r i p t i o n  of a p p a ra tu s
The a p p a ra tu s  was c o n s t r u c t e d  i n  th e  B a t t e r s e a  Col lege  
workshops and was e r e c t e d  i n  th e  H y d rau l ic s  Lab. The f low 
of  w a te r  forms a c lo s e d  c i r c u i t .  The w a te r  i s  pumped from 
a sump i n t o  a 2 " g a lv a n i s e d  p i p e ,  to  th e  t e s t  s e c t i o n ,  up 
to  an overhead ta n k  from where th e  over f low  i s  gu ided  e i t h e r  
to  a v o lu m e t r ic  tan k  o r  to  a V-notch t a n k ,  which d r a i n s  
back i n t o  t h e  sump.
As shown i n  pho tograph  (F ig .  1) and F ig .  ( 2 ) ,  th e  
pump ( 2 ) i s  a 4-/3" c e n t r i f u g a l  double  i n l e t  pump d r iv e n  
by a 3 HP, 1 1 0 - v o l t ,  B.C. motor ( 1 ) .  The speed range o f  
th e  pump i s  from 600 t o  1200 r .p .m .  and th e  maximum d is c h a rg e  
t h a t  was p o s s i b l e  t o  o b t a i n  d u r in g  th e  cou rse  o f  t e s t s  was 
0.054- f t ^ / s e c .  The w a te r  i s  fo rc e d  i n t o  a 2" g a lv a n i s e d  
p ip e  and th ro u g h  a r e d u c t i o n  p ie c e  to  t h e  one in c h  p ip e .
J u s t  a t  th e  i n l e t  t o  th e  1" p ipe  t h e r e  i s  a s p e c i a l  T -p iece
(4)  th ro u g h  which t h e  a i r  i s  i n j e c t e d  from t h e  c o n s t a n t  
p r e s s u r e  r e s e r v o i r  of  a p o r t a b l e  com pressor  s e t .  A f t e r  a 
ca lm ing  s e c t i o n  ( c o n t a i n i n g  a T -p iece  w i th  p r o v i s i o n  f o r  
a mercury therm om eter  to  measure th e  m ix tu re  t e m p e r a tu r e ) ,  
t h e r e  i s  a g l a s s  i n s e r t i o n  ( 5 ) th ro u g h  which th e  f low  could  
be obse rved  and pho tog raphed .  The n e a r l y  10* h o r i z o n t a l  
t e s t  s e c t i o n  th e n  f o l l o w s .  Before  t h e  m ix tu re  e n t e r s  t h e
z
o
f
0  
a) 
if)
1
of
$
<0
a.
tJQ.
i
jc
H
Z
0 
N
g01
u
r
h-
U-
0
■a
1
-  16 -
v e r t i c a l  p ip e  i t  p a s s e s  th ro u g h  a mixing chamber (6 )  to  
en su re  t h a t  t h e  a i r  and w a te r  a re  a g a in  th o ro u g h ly  mixed j
a f t e r  p a s s in g  th ro u g h  th e  90°-bend« The mixing chamber i s  !
fo l low ed  by a s t r a i g h t  s e c t i o n  to  g iv e  chance f o r  t h e ; f low  j
to  s e t t l e  down b e fo re  e n t e r i n g  th e  n e a r l y  5 ’ v e r t i c a l  |
t e s t  s e c t i o n  (7)* A s e r i e s  of  t e s t s  were c a r r i e d  out w i th  
t e s t  s e c t i o n  (7)  b e in g  a l l  of  g l a s s  t o  a l low  f o r  pho tography 
and f o r  th e  o b s e r v a t io n s  o f  th e  f low  t y p e s .  Over th e  o u t l e t  !
of  th e  p ipe  t h e r e  i s  an i n v e r t e d  t a n k  (8) i n  which t h e  s e p -  |
a r a t e d  a i r  c o l l e c t s .  This  t a k e s  p la c e  as th e  w a te r  i n  t h e  j
overhead ta n k  escapes  th ro u g h  an ov e r f lo w ,  l e a v in g  a 
co n f in e d  space i n  t h e  i n v e r t e d  tan k  ( 8 ) .  Accumulated a i r  
t h e n  p a s s e s  down a p ip e  to  e i t h e r  a wet o r  a d ry  gas  
m e te r  (9)  a c c o rd in g  to  t h e  amount of  a i r  d i s c h a r g e .  The 
w a te r  o v e r f lo w in g  from th e  overhead ta n k  cou ld  be measured 
e i t h e r  w i th  a v o lu m e t r ic  t a n k  ( 1 0 ) ,  o r  w i th  a V-notch  (1 1 ) .
The p r e s s u r e  d rops  were measured w i th  s p e c i a l l y  d es igned  
gauges  ( s e e  pho tog raph  F ig .  1) w h i l s t  th e  p r e s s u r e  a t  
i n l e t  t o  the, 1 ” p ip e  i s  measured w i th  a mercury manometer 
( 3 ) .
Mixing chamber: .
To ensu re  tho ro u g h  mixing o f . th e  a i r  and w a te r  th e  
a i r  from t h e  com pressor  i s  i n j e c t e d  i n t o  th e  h o r i z o n t a l  p ipe  
th ro u g h  a T -p ie ce  ("which i s  shown i n  s e c t i o n  i n  F ig .  (3)),«i*r I
i
t h e n  e n t e r s  t h e  p ip e  th ro u g h  a s p r in g  loaded  b a l l  v a l v e .  The
w a te r  coming from th e  90° bend sweeps t h e  a i r  t h a t  p a s s e s  
th ro u g h  th e  gauze .
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When th e  m ix tu re  e n t e r s  th e  v e r t i c a l  p i p e ,  t h e r e  i s
a l i a b i l i t y  of  s lu g g in g  due to  th e  p re se n ce  of  th e  90°-bend .
To avoid  t h i s  a s h o r t  p ie ce  of a h e l ix - s h a p e d  t h i n  b r a s s
s t r i p  i s  f i t t e d  a t  th e  o u t l e t  of th e  bend to  g iv e  a s l i g h t
r o t a t i o n a l  motion to  th e  w a te r  s t i r r i n g  th e  a i r  w i th  i t .
To d i s p e r s e  th e  a i r  and resemble  to  some e x t e n t  th e  i n l e t
c o n d i t i o n s  o f  th e  h o r i z o n t a l  p ip e ,  th e  m ix tu re  p a s s e s
th ro u g h  an a c c e l e r a t i n g  nozz le  f i t t e d  w i th  a gauze i n  the
co re  F ig .  (4-). A 30" calming s e c t i o n  th e n  f o l lo w s ,  i t s
l e n g t h  b e in g  r e s t r i c t e d  t o  t h i s  v a lu e  due to  th e  l i m i t a t i o n s
of th e  a v a i l a b l e  headroom.
The supp ly  of a i r  i s  a com pressor  of  th e  r e c i p r o c a t i n g
ty p e .  Air  i s  d i s c h a rg e d  i n t o  a c y l i n d r i c a l  t a n k  where th e
p r e s s u r e  cou ld  be kep t  c o n s t a n t  a t  w i l l  by a s p e c i a l  p r e s s u r e
r e g u l a t o r ,  th e  maximum p r e s s u r e  b e in g  60 p . s . i .  The
com pressor  i s  d r iv e n  by a & HP, 2 0 0 - v o l t ,  A.C. motor a t  a
c o n s t a n t  speed of 144-0 R.P.M. The maximum co n t in u o u s
d i s c h a r g e  t h a t  was s u p p l i e d  by th e  compressor  a t  t e s t
x
c o n d i t i o n s  was .05 f t v s e c .  of  f r e e  a i r .  The com pressor ,  
d r i v i n g  motor and the  c y l i n d r i c a l  t a n k  form a p o r t a b l e  u n i t .
Measurements:
( i )  Water d i s c h a r g e : The maximum d i s c h a r g e  of w a te r  was
about *055 f t 'V s e c  which was measured over  a  V -no tch .  The
two sm all  d i s c h a r g e s  used d u r in g  the  co u rse  of  t e s t s ,  namely
x
.01 and .014- f t ^ / s e c .  were measured by a v o lu m e t r ic  tan k
-  19 -
and a s to p  watch. The v o lu m e t r ic  t a n k  was c a l i b r a t e d  
w i th  th e  h e lp  of  a l a r g e  g rad u a te d  tube  and was checked 
a g a i n s t  th e  V-notch.
( i i )  A ir  d i s c h a r g e : When th e  a i r  i s  s e p a r a te d  i n  th e
overhead t a n k ,  i t  p a s se s  down a p ipe  to  e i t h e r  a d ry
o r  wet gas  m e te r .  The dry  m eter  was s u p p l i e d , a n d  c a l i b r a t e d  
by th e  South E a s t e r n  Gas Board. I t  i s  a DI/20Q double
X
c a p a c i t y  m eter  number A 56037, of  a c a p a c i t y  200 f t r / h r .
xThe m eter  has  a 2 f t ^ / r e v .  s c a l e  su b d iv id ed  i n t o  20 d i v i s i o n s  
xeach of  .1 f t  . This  m e te r  was used to  measure th e  a i r
x
d i s c h a r g e s  from .0075 f t 'V s e c .  and over .  The wet m eter  was
s u p p l i e d  and c a l i b r a t e d  by th e  .Department of Chemical
E n g in ee r in g  of th e  B a t t e r s e a  C o l le g e ,  which was checked
a g a i n s t  th e  dry  m e te r .  The wet meter  i s  a l a b o r a t o r y  type
xone hav ing  a 0.1  f t ^ / r e v .  s c a l e ,  su b d iv id ed  i n t o  a hundred
xd i v i s i o n s  each  of  .001 f t  . This  m e te r  was used  f o r
2;
m easuring  low d i s c h a r g e s  up to  .0075 f t ^ / s e c .
A thermometer  measures  th e  t e m p e ra tu re  o f  f r e e  a i r  
d i s c h a r g i n g  from t h e  m e te r ,  which had n e a r l y  th e  same 
v a lu e  as the  thermometer  measuring th e  te m p e ra tu r e  o f  th e  
m ix tu re  a t  th e  i n l e t  t o  th e  h o r i z o n t a l  p ip e .
( i i i )  P r e s s u r e  drop  due to  f r i c t i o n :  S p e c i a l l y  des igned
gauges f o r  m easu r ing  the  head l o s t  i n  f r i c t i o n  were used  
w ith  t h e  h o r i z o n t a l  and v e r t i c a l  p i p e s .  The gauge as
connec ted  to  th e  v e r t i c a l  p ip e  i s  shown i n  F ig .  (5)* The
id e a  of th e  .gauge was to  p re v e n t  d i r e c t  c o n n e c t io n  between
coMf>Ae&se.o fcIR.
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m easuring  U-tube and the  p r e s s u r e  t a p p in g  p o i n t s  to  avoid 
a i r  i n  th e  m ix tu re  be ing  l i b e r a t e d  t h e r e .  The arrangem ent 
to  be d e s c r ib e d  was on ly  a r r i v e d  a t  a f t e r  a number of  t r i a l s  
w i th  a l t e r n a t i v e  id e a s  which had to  be abandoned owing to  
some d e f e c t  o r  d i f f i c u l t y .  Even when th e  p r e s e n t  s e t - u p  
was f i r s t  t r i e d  out i t  was found non too  easy  to  g e t  a i r  
cocks w h ich ;shou ld  be a b s o l u t e l y  l e a k - p r o o f  w i thou t  which 
t h e  id e a  i s  unworkable.  The p r e s s u r e  ta p p in g  c o n n e c t io n s  
th em se lv es  were f i t t e d  i n c l i n e d  downwards to  p rev en t  a i r  
p a s s in g  i n t o  the  p ipe  c o n n e c t io n ,  o r  a t  l e a s t  to  ensu re  
t h a t  i t  v/as fo rc e d  back a g a in  i f  i t  d id .  The b o t t l e s  (1)  
and ( 2 ) ,  F ig .  (5)  c o n t a in  carbon  t e t t r a c h l o r i d e  (CCl^) 
which can r i s e  i n  .a t h i n  g l a s s  tube  ( 3 , 4 ) .  The p o s i t i o n  
of th e  CCl^ i n  t h e  t h i n  tube  cou ld  be f i x e d  w i th  th e  h e lp  
of a c u r s o r .  The m easur ing  w a te r  U-tube (5) and th e  
mercury U-tube (6)  a re  connec ted  to  (3)  and (4 )  w i th  W' 
b r a s s  tu b in g s  i n  which compressed a i r  from the  c o n s ta n t  
p r e s s u r e  tan k  o f  th e  com pressor  u n i t  cou ld  be a l low ed th ro u g h  
by the  i n l e t  cocks ( 7 ) .  S ev e ra l  cocks a re  used f o r  blowing 
o f f  a i r ,  f o r  a d j u s t i n g  t h e  GCl^ i n  a co n v e n ien t  p o s i t i o n  
i n  the  tu b e s  ( 3 ,4 )  and f o r  i s o l a t i n g  any of  th e  U -tubes  
a c c o rd in g  to  t h e  range  of p r e s s u r e  l o s s .
.To s t a r t  w i th ,  t h e r e  i s  zero  f low  i n  t h e  1" p ip e .
The l i q u i d  i n  t h e  gauge U-tube i s  b ro u g h t  t o  e q u i l i b r iu m  
p o s i t i o n  by a l low ing '  compressed a i r  t h ro u g h  cocks ( 7 ) ,  
b r i n g i n g  th e  CCl^ i n  tu b e s  (3,4-) i n  a co n v en ien t  p o s i t i o n ,
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w h i c h ' i s  marked as zero  p o s i t i o n  by the  c u r s o r s .  Then 
th e  f low takes ,  p la c e  i n  t h e  1" p ip e ,  compressed a i r  i s  
ad m i t te d  th ro u g h  cocks (7)  once more t o  r e t u r n  th e  CCl^ 
p o s i t i o n  i n  tu b e s  ( 3 ,4 )  to  th e  zero  p o s i t i o n  marked by 
th e  c u r s o r s ,  th e  r e a d in g  of th e  gauge i s  t h u s  a measure of 
th e  f r i c t i o n  l o s s  as  shown by the  e q u a t io n s  g iven  i n  
Appendix ( IV ) .  The GCl^ i n  the  b o t t l e s  i s  t h e n ,  i n  f a c t ,  
a c t i n g  as a membrane p r e v e n t in g  the  c reep  of a i r  i n t o  th e  
gauges .  Sven i f  i t  happens t h a t  d u r in g  th e  r i s e  of  th e  
CCl^ i n  th e  tu b e s  ( 3 , 4 ) ,  a i r  bubb le s  go i n  th e  p r e s s u r e  
t a p p in g  c o n n e c t i o n s ,  th ey  w i l l  be e x p e l l e d  when th e  
compressed a i r  i s  a l lowed i n  and th e  CCl^ r e t u r n i n g  back 
to  i t s  o r i g i n a l  zero  p o s i t i o n .
The gauge accu racy  was t e s t e d  w i th  t h e  h e lp  o f  dead 
w ate r  columns connec ted  to  each of  th e  b o t t l e s  ( 1 , 2 ) .  The 
heads  of  w a te r  i n  th e  columns were v a r i e d  and t h e  c o r r e s ­
ponding . d i f f e r e n c e  of th e  U-tube r e a d in g s  r e g i s t e r e d  
showing a v e ry  good re sp o n se .
The d i s t a n c e  between th e  p r e s s u r e  t a p p in g s  f o r  th e  
d i f f e r e n t  p ip e s  used  i s  as  f o l lo w s
H o r i z o n t a l ’ g a lv a n i s e d  p ip e  10.025 f t .
V e r t i c a l  M " 5-257 f t .
" g l a s s  n 5-34 f t .
H o r i z o n ta l  rough " 10* f t .
V e r t i c a l  " " 5-257 f t .
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( i v )  V e lo c i ty  of a i r  b u b b l e s : For th e  measurement of
a i r  "bubbles, pho tog raph ic  te ch n iq u e  was u sed .  Through 
th e  g l a s s  i n s e r t i o n  i n  th e  h o r i z o n t a l  p ipe  and th ro u g h  th e  
whole g l a s s  v e r t i c a l  p ip e ,  s e v e r a l  f i lm s  w ith  a c in e -cam era  
were t a k e n  f o r  th e  m ix tu re  f low t o g e t h e r  w i th  a s c a l e  f i t t e d  
a lo n g s id e  the  p ip e .  The f i lm  was developed and p r o j e c t e d
on a s c r e e n ,  and th e  d i s t a n c e  t r a v e l l e d  by th e  one bubble  
i s  measured on t h e  s c a l e .  The time of  t r a v e l  i s  o b ta in e d  
from th e  number of  frames i n  which th e  bubble  ap p ea rs  and 
th e  speed of  th e  camera.
The camera used was a 16 mm. B e l l  and Howel f i lm o  70 
motion p i c t u r e  camera. I t  was a seven speed model w i th  a 
b u i l t - i n  t h r e e - l e n s  t u r r e t  head w i th  a u n i v e r s a l  focus  
l e n s .  The p r o j e c t o r  used f o r  frame a n a l y s i s  was an A ld is  
u n i v e r s a l  p r o j e c t o r ,  w i th  an f / 3 . 2  l e n s .
(v )  F r a c t i o n  of p ipe  a r e a  f i l l e d  w ith  l i q u i d : This  was 
measured by knowing th e  maximum p r e s s u r e  t h a t  i s  o b ta in e d  
when a q u i c k - c l o s i n g  v a l v e ,  f i t t e d  a t  the  end o f  the  p ip e ,  
i s  sudden ly  c l o s e d .
The q u ick  c l o s i n g  va lv e  i s  shown i n  s e c t i o n  i n  F ig .  (6)  
and i n  p o s i t i o n  i n  F ig . '  (7 ) -  The v a lv e s  i n l e t  and o u t l e t  
a r e  a t  90° .  The v a lv e  d i s c  i s  s p r in g - lo a d e d  w i th  a s p in d le  
p r o j e c t i n g  out th ro u g h  a s t u f f i n g  box. With t h e  h e lp  of two 
l e v e r s  ( a s  shown i n  t h e  upper  r i g h t  c o r n e r  of F ig .  ( 6 ) ) ,  the  
v a lv e  d i s c  can  be l i f t e d  ana th e  l e v e r  m a in ta in ed  i n  p o s i t i o n  
by a d i s t a n c e  ro d .  When t h i s  d i s t a n c e  rod  i s  suddenly
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r e l e a s e d ,  th e  va lve  d i s c  c l o s e s  sudden ly  under  t h e  a c t i o n  
o f  th e  s p r i n g .  Another s p r in g  f i x e d  between th e  l e v e r  
and' p ipe  h e lp s  to  s h o r t e n  th e  t ime of v a lv e  c l o s u r e  below 
t h a t  g iv in g  th e  same e f f e c t  as  " i n s t a n t a n e o u s  c l o s u r e " .
The p r e s s u r e  surge was reco rd ed  by means o f  a Mc-Innes 
Dobbie i n d i c a t o r  f i t t e d  to  a T -p iece  j u s t  b e f o r e  the  qu ick  
c l o s i n g  v a lv e .
The rough p ip e :
To t e s t  th e  e f f e c t  o f  roughness  of  th e  p ipe  on th e  
c h a r a c t e r i s t i c s  of  t h e  two-phase f low an a r t i f i c i a l l y  
roughened p ip e  was u sed .  The p ip e  was roughened w i th  sand 
of  a known s i z e  cemented to  th e  w a l l s  of  t h e  p ip e .  The 
sand was s ie v e d  th rough  an 18 mesh of an a p e r t u r e  .0336" 
( .853  aim) ac co rd in g  to  th e  B r i t i s h  S tandard  s c r e e n - s c a l e  
s i e v e s  (B.S.  No. 4-10/194-3) and was ag a in  s ie v e d  th ro u g h  
th e  f o l lo w in g  s i z e  22 mesh of an a p e r t u r e  .275'* ( -695  mm) 
and th o s e  sand g r a i n s  which d id  no t  p ass  th ro u g h  th e  l a t t e r  
were c o l l e c t e d ,  th e  sand s i z e  b e in g  now ly in g  between .853 
and .695 mm. The d ia m e te r s  of  s e l e c t e d  f a i r l y  l a r g e  number 
of sand g r a i n s  were measured by a t r a v e l l i n g  microscope 
( t h e  sand g r a i n s  were found to  v a ry  i n  shape and a mean s i z e  
was m easu red ) .  A mean d ia m e te r  was s e l e c t e d  as .705 mm 
which was conf irm ed  by th e  c o e f f i c i e n t  o f  f r i c t i o n  t e s t s  
ac co rd in g  to  von Karman e q u a t io n  f o r  rough p i p e s .
The sand was cemented to  t h e  i n t e r i o r  of th e  p ipe  
i n  th e  f o l lo w in g  way
The p ip e  was c lo sed  from one end anc. s h e l l a c  v a r n i s h  
poured i n s i d e  g r a d u a l l y * r o t a t i n g  t h e  p ip e  i n  th e  meantime. 
The p ipe  was th e n  c lo s e d  from th e  o th e r  end, shaked and 
r o t a t e d  to  ensu re  t h a t  a l l  th e  pipe from th e  i n t e r i o r  was 
covered  w i th  v a r n i s h .  The p i p e vwas th e n  d r a in e d  and th e  
v a r n i s h  l e f t  to  d ry .  Repea ting  t h i s  s e v e r a l  t im es  and i n  
th e  l a s t  t im e ,  when th e  v a r n i s h  was w et,  th e  p ipe  was 
f i l l e d  w i th  the  sand o f  p r e v i o u s l y  de te rm ined  s i z e .  The 
p ipe  was th e n  h e a te d  from o u t s i d e  w i th  a blowlamp, th e n  
em ptied ,  l e a v in g  a s a t i s f a c t o r y  uniform sand c o a t in g  on 
th e  p ip e  i n t e r i o r .
xhe mean i n n e r  d ia m e te r  o f  th e  p ipe  was measured 
by weighing th e  p ip e  empty and when f u l l  o f  w a te r ,  th e  
d ia m e te r  was th e n  easy  to  deduce.
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CHAPTER I I I  
Exper im en ta l  Work
Types of Flow:
In  the  f i r s t  s e t - u p  th e  a p p a ra tu s  was a r ran g ed
to  a l lo w  the  s tu d y  of th e  ty p e s  of f low  th ro u g h  a g l a s s
i n s e r t i o n  i n  th e  h o r i z o n t a l  p ipe  and th e  a l l - g l a s s  v e r t i c a l
p ip e .  The d i s c h a rg e  of  w a te r  was r e g u l a t e d  a t  c o n s ta n t
v a l u e s  of  abou t  .0 1 ,  .014-, .0 2 ,  .028 ,  .032,  .0388, .04-3,
.04-9 and .053 f i r / s e c .  and, f o r  each c o n s ta n t  w a te r  d i s c h a r g e ,
th e  a i r  was v a r i e d  from zero t o  th e  maximum the  compressor
cou ld  supp ly  ac co rd in g  to  the  t e s t  c o n d i t i o n s .  The two
low es t  w a te r  d i s c h a r g e s  of  .01 and .014- f t 'V s e c ,  were
measured by th e  v o lu m e tr ic  t a n k  and were de te rm ined  by a
t r i a l  and e r r o r  method. The r e s t  o f  th e  d i s c h a r g e s  were
de te rm ined  by f i x i n g  t h e 'h e a d  over  th e  V-notch to  i t s
p ro p e r  v a lu e  w i th  t h e  h e lp  of  th e  r e g u l a t i n g  v a lv e  and
pump speed .  A r e l i e f  v a lv e  a t  th e  i n l e t  of  th e  mixing
chamber f a c i l i t a t e d  th e  adm iss ion  of  th e  r e q u i r e d  q u a n t i t y
of a i r  t o  the  p i p e ,  w h i l s t  th e  d i s c h a r g e  p r e s s u r e  of t h e
com pressor  was kep t  c o n s t a n t  a t  a co n v en ien t  v a lu e  w i th
th e  p r e s s u r e  r e g u l a t o r  a t  t h e  com pressor  o u t l e t .  The
ty p e  of f l o w ,a s  o b se rv ed ,  was r e g i s t e r e d  f o r  each m ix tu re
r a t i o  Q*/Q* • The p o in t  o f  t r a n s i t i o n  from one ty p e  a
to  a n o th e r  was de te rm in ed  as f a r  as  t h e  o b s e rv e r  could  
t e l l  and,  i f  i n  d o u b t ,  th e  t e s t  around t h i s  p o in t  was
25
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r e p e a t e d  f o r  more c l o s e l y  s u c c e s s iv e  r a t i o s .  S ev e ra l  
s k e tc h e s  of  th e  f low c o n f i g u r a t i o n  were drawn and a summary 
i s  g iv en  i n  F ig s .  (11) and (1 2 ) .
Some o f  the  ty p e s  of  f low  were photographed  u s in g  
an o rd in a r y  camera, the  pho tos  a r e  rep roduced  i n  F ig .  ( 8 ) .  
•The b e s t  r e s u l t s  were o b ta in e d  w i th  a white  background and 
th e  l i g h t s  were h e ld  above and to  th e  l e f t  t o  reduce  
r e f l e c t i o n  from the  tube  to  a minimum.
P re s s u r e  l o s t  i n  f r i c t i o n  :
With th o se  c o n s ta n t  w a te r  d i s c h a r g e s  mentioned above, 
th e  p r e s s u r e  drop f o r  each a i r  f low  was measured by th e  
s p e c i a l  gauges f o r  each of  th e  h o r i z o n t a l  g a lv a n i s e d  p ip e  • 
and th e  v e r t i c a l  g l a s s  p ip e .  I t  should  be no ted  t h a t  th e  
p r e s s u r e  t a p p in g s  f o r  th e  v e r t i c a l  g l a s s  p ipe  were s i t u a t e d  
j u s t  b e f o r e  and a f t e r  th e  g la n d s .  The gauge zero  r e a d in g  
was f i x e d  a t  zero  d i sc h a rg e  p o s i t i o n  and r e a d j u s t i n g  i t  
when th e  f low ta k e s  p l a c e ,  th e  r e a d in g  of th e  TJ~tube was 
n o te d .  For eve ry  flow the  w a te r  d i s c h a r g e  was checked ,  th e  
a i r  f low  measured t o g e t h e r  w i th  th e  te m p e ra tu re  a t  i n l e t  
and o u t l e t  and th e  p r e s s u r e  a t  t h e  i n l e t  of  th e  h o r i z o n t a l  
p ip e  i s  a l s o  no ted .
The same s e t  of t e s t s  were r e p e a te d  a f t e r w a r d s  w i th  
th e  v e r t i c a l  g a lv a n i s e d  p ipe  i n s t e a d  of th e  g l a s s  one.
F i n a l l y  b o th  h o r i z o n t a l  and v e r t i c a l  g a l v a n i s e d  p ip e s  
were r e p l a c e d  by th e  rough ones and th e  same s e r i e s  of 
t e s t s  r e p e a t e d .
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V e lo c i ty  of  a i r  b u b b l e s :
S evera l  t e s t s  were c a r r i e d  out  to  de te rm ine  th e  b e s t  
p o s i t i o n  of l i g h t s ,  a p e r t u r e  and speed of  c in e -cam era .
A f t e r  some t r i a l s  the  p o s i t i o n  of  l i g h t s  were chosen as 
shown i n  F ig .  (9 i , i i . )  The b e s t  a p e r t u r e  was found to  be 
= 4 and th e  b e s t  nominal speed 64 f r a m e s / s e c .  To check 
t h i s  nominal speed two methods were used  : -
(1)  With a f a s t  c a l i b r a t e d  s top  watch o f  6 s e c / r e v .  
subd iv ided  i n t o  .1 sec .  The watch s p r in g  was f u l l y  wound 
to  ensure  more o r  l e s s  c o n s t a n t  speed and th e  watch was 
f i lm e d .
(2 )  With th e  wet gas m e te r  : The m ete r  was o p e ra te d  by
th e  c o n s t a n t  p r e s s u r e  supply  o f  a i r  and when th e  m e te r  
p o i n t e r  was found to  be s a t i s f a c t o r i l y  r o t a t i n g  a t  a 
c o n v e n ie n t ly  chosen speed th e  m e te r  d i a l  was f i lm e d .
Before  each run  th e  clockwork mechanism of  th e  camera 
was f u l l y  wound to  ensure  a r e a s o n a b ly  c o n s t a n t  speed.
The a n a l y s i s  of  th e  f rames showed a c o n s t a n t  speed 
of t h e  camera, as  deduced from th e  t r a v e l  o f  th e  p o i n t e r  
o f  th e  watch (o r  m e te r )  i n  each two s u c c e s s iv e  f ram es .  Over 
a l a r g e  number of  frames a mean speed of t h e  camera was 
deduced to  be = 52.3  f ram es /sec#
F ive s p o o l s ,  each 50 f t .  lo n g ,  of  a 16 mm. super-XX 
h ig h -sp eed  panchrom atic  f i l m  were u sed .  The l i g h t s  were 
150 w a t t s ,  240-V f l o o d l i g h t  lamps p la c e d  as  shown i n  F ig .
(9)  w i th  a b la c k  background.
For every  s e r i e s  of r u n s ,  th e  f i lm e d  p a r t  was 
developed and p r o j e c t e d .  The d i s t a n c e  t r a v e l l e d  by th e  
bubble  i s  measured,  t o g e t h e r  w i th  th e  number o f  f ram es i n  
which i t  does appear  to  move more o r  l e s s  u n i fo rm ly ,  from 
which the  mean v e l o c i t y  of  t h e  bubble  was deduced.  Whenever 
th e r e  was a change i n  the  bubble  shape i t s  motion  was t a k e n  
to  be the  motion of th e  l e a d in g  edge*
F r a c t io n  of  p ipe  a r e a  f i l l e d  w i th  w a te r  :
The q u i c k - c l o s in g  v a lv e  was f i t t e d  a t  th e  end o f  th e  
h o r i z o n t a l  p ipe  w i th  a T -p iece  J u s t  p re c e d in g  i t ,  to  which 
th e  Dobbie i n d i c a t o r  i s  f i t t e d .  The motion  of  th e  i n d i c a t o r  
drum was o b ta in e d  by th e  s p r in g  f i x e d  to  i t  and a s t r i n g  
a t t a c h e d  to  th e  d i s t a n c e  p ie c e  between th e  v a lv e  l e v e r  and 
p ip e .  When t h i s  d i s t a n c e  p ie c e  was r e l e a s e d ,  th e  v a lv e  
c lo s e d  and i n  th e  same time th e  i n d i c a t o r  drum r e t u r n e d  
back to  i t s  o r i g i n a l  p o s i t i o n  by t h e  s p r in g  a c t i o n .  T h is  
m otion ,  a l though  i t  might n o t  be un ifo rm  and th e  t ime b ase  
i n d e t e r m in a t e ,  y e t  i t  was p o s s i b l e  to  g e t  a r e l a t i v e  shape 
of  th e  p r e s s u r e  su rg e  t h a t  took  p la c e  a f t e r  t h e  v a lv e  c l o s u r e ,  
and so long  as i t  was of i n t e r e s t  to  measure th e  am pli tude  
of  th e  surge on ly  t h e r e  was no need f o r  r e c o r d in g  a t ime 
b a s e .  With a system of  s t r i n g s  and p u l l i e s  t h e  i n l e t  a i r  
v a lv e  was sh u t  a t  th e  same time as  th e  q u ic k —c l o s i n g  v a lv e  
was r e l e a s e d .
For each  v a lu e  o f  th e  m ix tu re  r a t i o  Q /Q* th ea
p r e s s u r e  su rge  was r e c o rd e d .  The p r e s s u r e  a t  i n l e t  and
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o u t l e t  of  th e  p ip e  was a l s o  measured to  e s t im a te  a 
v a lu e  f o r  the  mean p r e s s u r e  i n  th e  p ip e .
These t e s t s  were r e p e a te d  f o r  th e  v a lv e  f i t t e d  
a t  t h e  end of  th e  v e r t i c a l  g a l v a n i s e d ,  h o r i z o n t a l  and 
v e r t i c a l  rough p ip e s .
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CHAPTER IV
T h e o r e t i c a l  Hypothes is
S ince the  two-phase  f low i s  a com bina t ion  of 
s e v e r a l  com plica ted  ty p e s  of the  s i n g l e  phase f low ,  i t  
would be f r u i t f u l  to  s t a r t  by summarising th e  p r e s e n t  s t a t e  
of  knowledge of th e  c h a r a c t e r i s t i c s  of s i n g l e  phase f low i n  
v a r i o u s  ty p e s  of f low c o n f i g u r a t i o n s .
( I ) Flow th ro u g h  c i r c u l a r  p i p e s :
Numerous i n v e s t i g a t i o n s  have g r e a t l y  i n c r e a s e d  th e  
knowledge o f  lam in a r  and t u r b u l e n t  f low c h a r a c t e r i s t i c s  
b o th  i n  p ip e s  and a long p l a t e s ,  so t h a t  t h e r e  a r e  now 
a v a i l a b l e  s a t i s f a c t o r y  d a t a  on t h e  v e l o c i t y  d i s t r i b u t i o n  
and on laws c o n t r o l l i n g  th e  r e s i s t a n c e #  The laws govern ing  
th e  t u r b u l e n t  f low  th ro u g h  smooth p ip e s  and a long  smooth 
p lan e  s u r f a c e s  were found t o  be d i f f e r e n t  from th o s e  f o r  
rough ones .  This  was a f t e r  th e  comprehensive and most 
s a t i s f a c t o r y  work conducted  by th e  p io n e e r s  and l a t e r  
workers  i n  t h i s  s u b j e c t .  The g e n e ra l  form of  t h e s e  laws'- 
i s  t y p i c a l  of  th e  c o r r e l a t i o n s  t h a t  a r e  found t o  be of  t h e  
g r e a t e s t  u t i l i t y  i n  h y d r a u l i c  a n a l y s i s  and c a l c u l a t i o n s .
( i )  Flow th ro u g h  s m o o th ,p ip e s :
In  1883 Reynolds p u b l i s h e d  h i s  fundam enta l  
i n v e s t i g a t i o n s  on th e  s i m i l a r i t y  of  f l u i d  motion  and 
in t r o d u c e d  h i s  known d im e n s io n le s s  p a ram e te r  " ^ n •
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L a te r  w orke rs ,  such as S tan to n  (1914) ,  by stppiyin-S end 
c o r r e c t i o n s  t o  P o i s e u i l l e  r e s u l t s  and by f u r t h e r  expe r im en ts  
on v a r io u s  f l u i d s  and tu b e s  of  d i f f e r e n t  d i a m e t e r s , o b ta in e d  
e x c e l l e n t  agreement between th e o ry  and expe r im en ts  f o r  
l a m in a r  f low . In  1904, P r a n d t l ’ s boundary l a y e r  th e o ry  
was in t r o d u c e d  and had proved i t s e l f  u s e f u l  th ro u g h  i t s  
development,  b o th  f o r  lam ina r  and t u r b u l e n t  f low .  Then 
fo l low ed  th e  t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  von Karman and 
th e  v a s t  ex p e r im en ta l  work of J .  N ikuradse (34) i n  1932, 
which l e d  to  r a t i o n a l  form ulae  f o r  v e l o c i t y  d i s t r i b u t i o n  
and h y d r a u l i c  r e s i s t a n c e  f o r  t u r b u l e n t  f low  i n  smooth 
c i r c u l a r  p ip e s  and a long  smooth f l a t  s u r f a c e s .  S ince t h e r e  
i s  a v i s c o u s  l a y e r  a d j a c e n t  to  t h e  w a l l  th e n  th e  b e h a v io u r  
n e a r  th e  w a l l  i s  d i f f e r e n t  from t h a t  away. Von Karman 
a c c o r d in g ly  e s t a b l i s h e d  h i s  u n i v e r s a l  v e l o c i t y  d i s t r i b u t i o n  
curve  c o n t a in i n g  t h r e e  r e g io n s  d e s c r ib e d  by th e  fo l lo w in g  
r e l a t i o n s h i p s : -
( a )  V iscous r e g io n  where u* = y* .T h is  t a k e s  p la c e  when 
y* i s  <  5 '
(b)  T r a n s i t i o n  r e g io n  where u* = - 3 .0 5  + 5 logfiy*. This  
t a k e s  p la c e  when y* i s  between 5 & 30.
( c )  T u rb u len t  r e g io n  where u* = 5 .5  + 2 .5  l o g @y*. This  
t a k e s  p la c e  when y* i s  > 3 °  _ _
(whare u* = -$ -  > 7* = a M  V, = s h e a r  v e l o c i t y  = / ^  )
On t h i s  b a s i s  i t  was found t h a t  th e  r e l a t i o n  between 
t h e  c o e f f i c i e n t  o f  f r i c t i o n  uf n and th e  Reynolds number
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"Rn ” to  be y/y" a -0.-4- + 4 lo g 1QRN j/ 1T which can 
be used  i n  p r a c t i c e  f o r  a l l  v a lu e s  of  R^ i n  th e  t u r b u l e n t  
r e g io n .
A s im p le r  fo rm ula  which i s  m ere ly  an app ro x im a t io n
t o  th e  p r e v io u s  a c c u r a te  one i s  t h a t  o b ta in e d  e x p e r i m e n ta l l y
by B l a u s i s  (1913) : f  = .0791 R^°*25 up t o  %  = 1° 5,
With t h i s  th e  v e l o c i t y  d i s t r i b u t i o n  i s  i n  a power form 
ix *1 /*7y  = 8 .7  y* which i s  i n  r a t h e r  s u r p r i s i n g l y  good 
agreement w i th  th e  measured v e l o c i t y  d i s t r i b u t i o n  over  t h e  
e n t i r e  p ip e .  ■ ■
( i i )  Flow th ro u g h  rough p i p e s :
Flow th ro u g h  rough p ip e s  was t r e a t e d  by e a r l y  
i n v e s t i g a t o r s  such as  H. Bazin (1902) .  In  1914 R* von Mises 
(32)  t r e a t e d  th e  th e n  known r e s u l t s  from th e  p o in t  o f  view 
of  s i m i l a r i t y  and d e r iv e d  th e  form ula
c = (.0 0 2 4  + / F ) ( 1  -  ) + - j £ -  y S . -  1220 + -§ -
JM y  /  . n  1m
f o r  sm all  v a l u e s  of  R^ n e a r  th e  c r i t i c a l .  J .  N ik n r a d s e ’s 
(35)  s t u d i e s  i n  1933 d e a l t  w i th  th e  v a r i o u s  d e g re e s  of 
r e l a t i v e  roughness  ~ and w ith  g e o m e t r i c a l l y  s i m i l a r  p ip e s  
( i n  form and ro u g h en in g ) .  The roughness  was o b ta in e d  by 
sand g r a i n s  o f  d ia m e te r  "kM cemented to  th e  w a l l s  so t h a t  
f o r  th e  same ~ f o r  two p i p e s ,  the  p ip e s  w i l l  have 
g e o m e t r i c a l l y  s i m i l a r  w a l l  s u r f a c e s .  His o b s e r v a t io n s  
Showed t h a t  the  f low i s  d iv id e d  i n t o  t h r e e  r a n g e s ,  depending
IrV  'on t h e  v a lu e  of  th e  roughness  number  21 :
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( a )  where Mf " i s  t h e  same f o r  rough and smooth p ip e s
I n  t h i s  case  th e  va lue  of  i s  l e s s  th a n  4
(b )  T r a n s i t i o n  range where "f"  i n c r e a s e s  f o r  i n c r e a s i n g
(c )  where f  i s  independen t  of  , bu t  depends g r e a t l y  on
k th e  r e l a t i v e  roughness .  The v a lu e  of  V*k b e in g  
r  v  ^> 6 7 .
From von Karman t h e o r e t i c a l  i n v e s t i g a t i o n s  and 
N ikuradse  t e s t s  the  r e l a t i o n  between "f"  and nR«M wherei's
t h e  q u a d r a t i c  law h o ld s  i s :  ~ 3 .46  + 4 log,,.~(£). TheVf iu x
v e l o c i t y  d i s t r i b u t i o n  was shown to  have th e  form 
^  -  8 .4 8  + 5 .75  io g 1Q( | ) .
With th e  rough s u r f a c e s  as  th e y  occur  i n  p r a c t i c e  
t h e r e  i s  th e  d i f f i c u l t y  t h a t  i n d i v i d u a l  i r r e g u l a r i t i e s  
v a ry  v e ry  much i n  s i z e  and moreover,  t h e i r  shape i s  i l l -  
d e f i n e d ,  so t h a t  i t  i s  u s u a l l y  no t  p o s s i b l e  t o  deduce a 
t r u s t w o r t h y  va lu e  of  k from th e  form of t h e  s u r f a c e .  
A cc o rd in g ly ,  as  compared w i th  th e  case  of  un ifo rm  medium . 
ro u g h n ess ,  th e  l i m i t  of  h y d r a u l i c  smoothness i s  lowered 
and t h a t  where v i s c o s i t y  b e g in s  to  have an e f f e c t  i s  r a i s e d  
( 3 7 ) .
R e la t e d  to  roughness  i s  ,fw av in e s sM o r  " c o r r u g a t i o n ” , 
a form of  s u r f a c e  where t h e r e  i s  no s e p a r a t i o n  of th e  flow 
a t  t h e  i n d i v i d u a l  smooth i r r e g u l a r i t i e s ,  b u t  y e t  th e  
r e s i s t a n c e  t o  th e  f low  i s  n o t i c e a b l y  r a i s e d .
Hopf and Fromm (12) i n  1923 gave a  c o n c lu s io n  t h a t  
t h e r e  a re  two fundamenta l  ty p e s  o f  roughness  in v o lv e d  i n
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t u r b u l e n t  f low th rough  rough p ip e s  : ’’s u r f a c e  roughness"
and " s u r f a c e  c o r r u g a t io n "  which fo l lo w  two d i f f e r e n t  laws
of s i m i l a r i t y  : th e  s u r f a c e  c o r r u g a t i o n  e x i s t i n g  when "f"
depends on MR^n as  w e l l  as  th e  type  of  th e  w a l l  s u r f a c e  such
t h a t  i f  p l o t t e d  l o g a r i t h m i c a l l y  th e  cu rv es  f  -  ' f o r
v a r i o u s  w a l l  s u r f a c e s  be p a r a l l e l  to  th e  smooth w a l l  c u rv e .
Hence th e  v e l o c i t y  d i s t r i b u t i o n  i s  of  th e  form
u v v~ = a^ + b^ lo g  « ( wher e a^ ,b^ a re  c o n s t a n t s )
which i s  th e  u n i v e r s a l  v e l o c i t y  d i s t r i b u t i o n  f o r  wavy
s u r f a c e s .  I f  "k" i s  the  ave rage  d ep th  and "L" i s
average  d i s t a n c e  between two p r o j e c t i o n s  from th e  s u r f a c e ,
th e n  f o r  a g iv e n  k /L  th e  " f"  v a r i e s  w i th  th e  shape o f  th e
wavy p r o j e c t i o n s  and hence s u r f a c e s  w i th  d i f f e r e n t  shapes
of  waves must be t r e a t e d  s e p a r a t e l y .  The p r e s e n t  v e ry
meagre knowledge of  wavy s u r f a c e s  may be summarised i n  the
s ta te m e n t  t h a t  th e  c o n s t a n t  "a^w of  t h e  v e l o c i t y  d i s t r i b u t i o n
i
e q u a t io n  d e c r e a s e s  a s  k /L  i n c r e a s e s .
I• [
( I I )  Flow th ro u g h  asym m etr ica l  c r o s s - s e c t i o n s : \
The c o m p l ic a t io n s  t h a t  had a r i s e n  from the  p re se n ce  |
o f  t h e  s o - c a l l e d  " secondary  f low" o c c u r r in g  i n  such p a s s a g e s ,  j 
have f a r  p re v e n te d  a r a t i o n a l  a n a l y s i s  s i m i l a r  t o  t h a t  ' [
performed f o r  c i r c u l a r  p i p e s .  The s o l u t i o n  f o r  la m in a r  
f l o  w th ro u g h  some shapes  of asym m etr ica l  c r o s s - s e c t i o n s  
have been i n t r o d u c e d  such as  t h a t  f o r  a n n u la r  s e c t i o n s  by 
Lamb (25)  and r e c t a n g u l a r  by C orn ish  (9)* These s o l u t i o n s
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show t h a t  th e  c o e f f i c i e n t  o f  f r i c t i o n  " f"  i s  a f u n c t i o n  j
o f  "Rjj” as w e l l  as  a "shape f a c t o r " .  j
For t u r b u l e n t  f low  th e  r e s i s t a n c e  has  been  measured IjI
f o r  v a r i o u s  smooth p ip e s .a n d  i f  u s in g  th e  p ro p e r  th e  j
"f"  was found to  l i e  no t  f a r  from th e  r e s u l t s  f o r  c i r c u l a r  
p ip e s  ( 1 5 ) . -  |i
j
The re a so n  f o r  th e  p re se n c e  o f  a shape f a c t o r  f o r  j
ii
l a m in a r  and no t  f o r  t u r b u l e n t  f low i s  no t  f u l l y  u n d e r s to o d .  |
The v a r i a t i o n  of th e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  ca se  of j
lam in a r  f low  from ze ro  to  maximum a t  p ip e  c e n t r e  compared j
w ith  t h a t  of  t u r b u l e n t  f lo w ,  b e in g  n e a r l y  c o n s t a n t  a l l  over  I
the  p ip e  c r o s s - s e c t i o n  and v a ry in g  r a p i d l y  n e a r  th e  w a l l  j
tow ards  z e ro ,  may be r e s p o n s i b l e  f o r  t h a t  : meaning t h a t  i n  j
th e  ca se  of  asym m etr ica l  boundary t h i s  would have a r e l a t i v e l y ,  
g r e a t e r  e f f e c t  on th e  la m in a r  v e l o c i t y  d i s t r i b u t i o n ,  th u s  
p roduc ing  a c o n s id e r a b l e  change i n  th e  r a t e  o f  energy 
d i s s i p a t i o n .  j
( I I I )  Flow th ro u g h  open ch a n n e ls :
In  t h i s  ty p e  o f  f lo w ,  th e  s h e a r  s t r e s s  i s  no t  uniform 
around th e  boundary ,  p a r t  o f  i t  p r a c t i c a l l y  having zero j
s h e a r ,  namely th e  f r e e  s u r f a c e .  A
In  1934-1 J* A l le n  (2)  c a l c u l a t e d  the  f r i c t i o n  f a c t o r
j
"f"  and found t h a t  w i th  th e  e x c e p t io n  o f  i n f i n i t e l y  wide j
c h a n n e l s ,  th e  f low  i n  open c h a n n e ls  i s  a sym m etr ica l ,  so t h a t  
one may ex p ec t  t h a t  i n  the  case  of  lam inar  f low  th e  f r i c t i o n  :
f a c t o r  " f"  depends a l s o  on some s o r t  of a shape f a c t o r .  I t  •
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i s  r e g r e t a b l e  t h a t  t h e r e  i s  no a v a i l a b l e  d a t a  f o r  th e
lam in a r  f low i n  c i r c u l a r  f lum es .  The t r a n s i t i o n  from
la m in a r  to  t u r b u l e n t  was found by A l len  to  co v e r  a wider
range th a n  t h a t  f o r  p ip e s  and i n  some c a s e s  was as .wide
as  from RN = 2000 to  20 ,000.
In  th e  case  of  t u r b u l e n t  f low A llen  succeeded i n
d e r i v i n g  an e m p i r i c a l  fo rm ula  f o r  th e  f low th ro u g h  smooth
ch a n n e ls  : f  « .0288 f o r  th e  range  4-000 to
64- x 10 and was a p p l i c a b l e  f o r  r e c t a n g u l a r ,  t r a p e z o i d a l
c h a n n e ls  and c i r c u l a r  f lum es .
I n  1938 G. Keulegan (23) a p p l i e d  th e  t h e o r e t i c a l
i n v e s t i g a t i o n s  of  P r a n d t l  and von Karman to  th e  flow, i n  open
c h a n n e ls .  He found t h a t  f o r  smooth r e c t a n g u l a r  c h a n n e ls  i t
i s  p o s s i b l e  to  put  th e  v e l o c i t y  d i s t r i b u t i o n  i n  th e  form 
u^  + b^ log  , which i s  t h e  u n i v e r s a l  v e l o c i t y
d i s t r i b u t i o n  lav/ i n  t h e  neighbourhood of  a smooth w a l l ,
(where a^ and b^ a re  c o n s t a n t s ) .
For rough  ch a n n e ls  th e  v a lu e  of ( ~  -  5*57 lo g  m ) ,
*
where m i s  t h e  h y d r a u l i c  r a d i u s ,  was found t o  be p r a c t i c a l l y
V*in d ep en d en t  o f  lo g  f o r  d i f f e r e n t  shapes  of  ch a n n e ls
( r e c t a n g u l a r ,  t r a p e z o i d a l ,  t r i a n g u l a r  and s e m i - c i r c u l a r ) ;
b u t  was found to  v a ry  w ith  th e  type  of  l i n i n g  e . g .
f o r  c o a r s e  g r a v e l  : -5*57 lo g  m » 3*6
-  16  9f o r  cement :
Thus t h e  law govern ing  th e  v e l o c i t y  d i s t r i b u t i o n  
i s  o f  th e  form ^   ^ k wh0re a 2 » ^2 a re
c o n s t a n t s .
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For wavy r e c t a n g u l a r  ch an n e ls  he d e r iv e d  an 
e q u a t io n  of  the  same ty p e  as t h a t  f o r  smooth ones w i th  
d i f f e r e n t  c o n s t a n t s  which he de te rm ined  from B a z in ’ s 
experiments*
Theory of Two-Phase, Two-Component Flow i n  P ipes
(A) The Flow P a t t e r n
As obse rved ,  the  f low p a t t e r n  may be rough ly  d iv id e d  
i n t o  the  f o l lo w in g  ty p es
1. "Bubble f low" i n  -which the  a i r  f low s as bu b b le s  w i th  
n e a r l y  t h e  same v e l o c i t y  as t h e  w a te r .
2... " S ep a ra te  flow" ( o c c u r r in g  i n  h o r i z o n t a l  p ip e s )  i n  
which th e  a i r  f lows on to p  of^ w a te r ,  th e  w ater  b e in g  co n f in e d
to  th e  bottom of  the  p ip e .  In  t h i s  ca se  th e  a i r  t r a v e l s  a t
a h ig h e r  v e l o c i t y  th a n  the  w a te r .
3* "Slug f low" i n  which a s lu g  of  w a te r ,  f i l l i n g  th e  e n t i r e
d ia m e te r  o f  th e  p ip e ,  i s  fo rc e d  th ro u g h  by a i r  a t  h ig h  v e l o c i t y
The l i m i t s  t h a t  d e te rm in e  th e  ty p e s  of  f low and the
t r a n s i t i o n  from one ty p e  to  a n o th e r  i s  by no, means c l e a r l y
u n d e r s to o d .  As observed  i n  t h i s  t h e s i s ,  t h e  d e c i s i v e  v a lu e
»
i n  t h i s  c o n n e c t io n  i s  th e  r a t i o  Qw /Q ; a va lu e  as  low 
as  1 .8  i n  th e  h o r i z o n t a l  p ip e  r e s u l t s  i n  s e p a r a t e  f low ,
w h i l s t  a v a lu e  o f  2 may be i n  th e  bubble  r e g io n .  The f a c t
t h a t  t h e r e  i s  no s e p a r a t e  f low i n  v e r t i c a l  p ip e s  makes i t  
p o s s i b l e  to  have d i r e c t  t r a n s i t i o n  from bubble  to  s lu g  f low ,  
th e  l i m i t  b e in g  between a Qw /Q^ = 2 .8  and 1 .8  s u c c e s s i v e l y .
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Examination of F ig .  (13) and F ig .  (14)  f o r  s e p a r a t e  
and 'bubble f low f o r  t h e  h o r i z o n t a l  p ip e  shows t h a t  f o r  
bubble  r e g i o n  th e  va lue  of A /A v a r i e s  s lowly  w i th  Q^ /Q* ,
3. ci
w h i l s t  f o r  s e p a r a t e  f low  t h e r e  i s  a s t e e p  v a r i a t i o n .  T h is  
s u g g e s t s  t h a t  when th e  v a lu e  of A /A b e g in s  to  v a ryS.
q u ic k ly  w i th  /Q^ t h i s  i s  a s ig n  of  change of  th e  ty p e  
o f  f low from bubble  to  s e p a r a t e  f low . The same seems to  
app ly  f o r  th e  v e r t i c a l  p ip e .  ^
An ex a c t  d e t e r m in a t io n  of a l i m i t  t h a t  co v e rs  a l l  
the  p o s s i b l e  f l u i d s  f low i s  no t  y e t  a v a i l a b l e ,  a l th o u g h  
an a t tem p t  was made by K o s te r in  (24) drawing a g raph  o f  the  
m ix tu re^  s u p e r f i c i a l  v e l o c i t y  a g a i n s t  th e  v o lu m e tr ic  f r a c t i o n  
of g a s ,  showing th e  r e g io n s  f o r  t h e  d i f f e r e n t  ty p e s  o f  f low 
he o b ta in e d .  . He recommends t h i s  way of  p l o t t i n g  as  i t  
p a r t i a l l y  e l i m i n a t e s  th e  e f f e c t  o f  the  p ipe  d ia m e te r .
Another s i m i l a r  a t tem p t  by G.E. Alves (3)  who had drawn a 
g raph  of s u p e r f i c i a l  gas  v e l o c i t y  a g a i n s t  l i q u i d  v e l o c i t y .  
These a t t e m p ts  a r e  l i m i t e d  to  t h e  s p e c i a l  c o n d i t i o n s  of  
p ip e s  and l i q u i d s  used .
(B) S e p a ra te  Flow
As was p r e v io u s l y  m entioned ,  th e  flow of  w a te r  i s  
c o n f in e d  to  th e  bottom of  the  p i p e ,  a i r  b e in g  f low ing  
s e p a r a t e l y  on to p .
(^ )  Flow th rough  smooth p i p e s :
Gazley (13)  and B o e l t e r  (7 )  showed t h a t  the  f low of 
th e  w a te r  phase i s  s i m i l a r  to  th e  f low  of  w a te r  i n  open
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ch a n n e ls  w h i l s t  t h a t  of  a i r  i s  s i m i l a r  t o  th e  flow o f  a i r  
i n  c lo s e d  c o n d u i t s .
•fith t h i s  as  an as sum ption ,  t o g e t h e r  w i th  th e  f o l lo w in g  
t h r e e  p o s t u l a t e s  t h a t
(1)  The s t a t i c  p r e s s u r e  drop f o r  t h e  w a te r  phase i s  equa l  
to  the  s t a t i c  p r e s s u r e  drop f o r  the  a i r  phase .
(2)  The volume occupied  by th e  w ate r  p lu s  t h a t  occupied
by a i r  a t  any i n s t a n t  i s  equa l  to the  volume of  the  p ipe
(3)  The two phases  a r e  c o n s id e re d  in c o m p re s s ib l e .
we have f o r  the  w a te r  phase
i s  a c o n s t a n t .
This  was shown to  be t r u e  a f t e r  the  expe r im en ts  
c a r r i e d  out by A llen  ( 2 ) .  He showed a l so  t h a t  f o r  v i s c o u s  
f low  C^j • i s  a f u n c t i o n  of  a shape f a c t o r  w h i l s t  i t  i s  a 
c o n s t a n t  f o r  t u r b u l e n t  f low  f o r  which * -  0 . 1 5 *
o )
where t h e  s u f f i x  'u j ' r e f e r s  to  th e  w a te r  phase and
But as
and
mu/ -  h y d r a u l i c  d ia m e te r  f o r  th e  w a te r  passage  
c o n s id e r e d  as a channe l
( s e e  F ig .  (1 0 ) )
F lQ lO .
G E O M e rf t t c f tu .  R C U R - n o i s i s .
/2 ) = VMETTEO PERINAE.T&R. F O R  T H S , N 'tATRR. PH A SE .*
/?w  *  C e o s s -s e c T « O N » L  AR EA O F  T H C  vm T E R . rL O W
* (t) (j  ^'  S>M ^  &)
vsteiTeo f e . r i m e t & r  f o r  t h e  a i r  p h a s e *  ("tt -  $>) d  
* C R O S S -S E C T IO N A L . A R E A  O F  T H C  A IR  FL.OWI
* ^  *  $>*■£ $ ) 
e *  IM T E R .PA C IA U . C H O R D  *  d S IN
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. .  P = (it) x ^ __
Put [cJxJ x f  p  CpZ (2)'TP 2 /C %
and 33 R  ,  4 ^ * ^  eX, ^«w
••• X  = f t
ft y “ «
from e q u a t io n s  ( 1 ) ,  (2)  and (3)  we g e t  : ~
'<&\ x- . , A * - , -  = A  ( ± Q J L
UJi e ^ o r  1 u >
or X)'■** ' " 3 C * '  q T T It.p. \ d J  / ) *
a
(3)
w
Also we have f o r  t h e  a i r  phase : -
f . = Q  ' (5 )
where th e  s u f f i x  a r e f e r s  to  th e  a i r  phase and i s
a c o n s t a n t .
For v i s c o u s  a i r  f low = -  .1 w h i l s t  f o r  t u r b u l e n t
f low  = -  0 .25  ( see  r e f e r e n c e  ( 1 5 ) ) , b u t  as
where = h y d ra u l ic  d ia m e te r  f o r  th e  a i r  passage
c o n s id e re d  as  a c lo s e d  c o n d u i t
( s e e  F ig .  (1 0 ) )
f i  +  e
f  s  f^ E .)  x __________ _ d “________
M r *  * e; ( %  + e )  q :
and as
7Fy = 4  Ma V'°'
A *
F £  a  4
N* +
from e q u a t io n s  ( 5 ) ,  ( 6 ) ,  (7 )  we g e t  :
3
% O  L& I <Pa + e)Ma,
'd £ .\  „  S e  = £  (  4 Q \  0
x  d h   = ( f i *  e )
C3 [ d Xl P, 4 X* f ' * * "  Q ' * * +l
o r l+X
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Equat ing  th e  two e q u a t io n s  (4-) and (8)
But as  shown i n  P ig .  (10) :
and
A .  ,  * )  +  = a  ( s ay )  (9)
/ 9 W 2  <£ -  s / j v  2
- A  ( 1 0 )
~ ^ r  -  = c  ( 1 1 >
/ )
2  (  TT -  4 >) -h sin 2
2  JT -  Z  ( s a y )  ( 1 2 )
i . e .  each f a c t o r  a ,  0 and C i s  a f u n c t i o n  o f  2
— -< ’/
I
(13)
>-f JCi
M2+** _  2 . ^ ^
^ r  (A ¥ * Xl(Q.) /P  ... d t ,  Q  ( / u j  y p a, /   ^
o : / -2- + •** C~t> 2-+ -*2. £ ■2. *
Ou / \ G
o r  Q r = ( s « j )  j r ( z ) (1 ^ 0
Now the  f o l lo w in g  p o s s i b l e  com bina t ions  o f  the  a i r  and w a te r
f low  may e x i s t  n -
( i )~  The f low  of b o th  a i r  and w a te r  may be t u r b u l e n t  i n
( i i )  The flow of  b o th  a i r  and w ate r  may b e .v i s c o u s  i n .  
which ca se  b o th  of x^ and .= -  1 ( v . v .  f low)
(As was mentioned b e f o r e ,  t h a t  w i th  v i s c o u s  f low t h e r e  
e x i s t s  a l s o  a shape f a c t o r ,  i . e .  some s o r t  o f  f u n c t i o n  of  
0 which i n  t u r n  i s  a f u n c t i o n  o f  Z).
( i i i )  The f low of  w a te r  may be v i s c o u s  and th e  f low of a i r  
may be t u r b u l e n t .  In  t h i s  ca se  x^ = -  1 ,  = - . 2 5  ( v . t . f l o
( i v )  The f low  of  w a te r  may be t u r b u l e n t  and the  f low  of  
a i r  may be v i s c o u s .  In  t h i s  ca se  x^ = ~ . 15, x ^ - 1  ( t . v . f l o w )
For ca se  (1)  e q u a t io n  (15) becomes: -
which case  x^ « - .1 5 x .25 ( t . t .  f low)
l'IIS' . 6 S &  . 7 /4
a 9b c
For ca se  ( i i )  e q u a t io n  (13)  becomes:
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For ca se  ( i i i )  e q u a t io n  ( 1 3 ) becomes :
a ( £ f ( &  f C  
a '
G,
F3 (z)
and. l a s t l y ,  f o r  case  ( i v )  e q u a t io n  ( 1 3 ) becomes *.
8S
Q
q :
G *
a 3 cf> F u )
These e q u a t io n s  a r e  summarised i n  the  fo l lo w in g  t a b l e
Q *  _ J 2 .  
Q *  " F l z )
F u n c t io n Type of Flow *
G
t  . t . v . v .
^ eyW /c* f  /SdfL )
F(z) hi IF .6S? *7/4 a <f> c 3 2 2a c
V. t  . t  . V.
G c . m t F q as) r - F
Fez.) /.7 ts a/4* -7/4a  <£ c 3 /./jT 2o $  c
The c o n s t a n t s  C~ t o  C^q have to  be de te rm ined
(•17)
(18)
e x p e r i m e n ta l l y  as  may be seen on F ig .  (13)  f o r  th e  ca se  
of  t . t .  f low  where a mean va lue  of Cn, i s  t a k e n  as 1 .668 . 
To check th e  v a l i d i t y  of  th e  de te rm ined  e q u a t io n  some v a l u e s  
of  Qw /Q^ a re  chosen and s u b s t i t u t e d  i n  th e  e q u a t io n ,  
r e s u l t i n g  i n  th e  v a lu e s  f o r  Z as g iven  i n  Table (1 0 ) .
The p r e s s u r e  d r o p :
For the  p r e s s u r e  drop e q u a t io n  (6)  becomes :
but as a ip\ 32 f, e: q F
where ( £ l  I s  t h e  p r e s s u r e  g r a d i e n t  f o r  a i r  f lo w in g
a lone  i n  t h e  p ip e .
» 77
A  \F > a ) A  d
Now, i f  f  and behave i n  th e  same way, i . e .  i f  fa d a
f a l l s  i n  th e  v i s c o u s  r e g i o n ,  d e f i n i t e l y  w i l l  f a l l  i n
t h i s  r e g io n  as i s  always >  ( th e  Reynolds
A a 2
number i f  a i r  i s  f low ing  a lo n e )  and i f  f & l l s  i n  th e
t u r b u l e n t  r e g i o n ,  f  w i l l  a l s o  f a l l  i n  t h e  same r e g i o n ,
or  i n  o t h e r  w o r d s ,  i f  the  Reynolds numbers a r e  f a r  o f f  the
c r i t i c a l  v a l u e s ,  b o th  f  and f~ w i l l  have the  same’ a 2
b e h a v io u r .
i . e .
2.
f .  C
f ‘  c -  K ,
A  _  6  f  4 Qa Cft r r  dy M ,
A  C  \  < W < R / n  ( R
f o r  t u r b u l e n t  f low of  a i r  x^ = - . 2 5  
S o u a t io n  (19) thus  becomes:
( d X ' T . p  _ 'Z- J C  ZS -  fu n c tio n  o f J G J- ( 2 0 )
(Me)
r.p (
13
(3th
and f o r  v i s c o u s  f low of a i r  X£ 
E q u a t io n  (19) t h u s  becomes :
I§b . q ,  2 S/ c ! .  ^
W 2
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where G i s  as  g iven  i n  Table (1)  ac co rd in g  to  th e  ty p e  
of  f low  ; i . e .  e q u a t io n  (20) f o r  v . t .  and t . t .  f low  ; 
e q u a t io n  (21) f o r  v . v .  and t . v .  f low .
( I I )  Flow th rough  rough p i p e s ;
In  t h i s  c a s e ,  i f  t h e  Reynolds numbers a r e  s m a l l ,  t h e  
p ipe  w i l l  behave as a smooth one. As the  va lue  of R^ 
g e t s  h ig h e r  th e  Reynolds ro u g h n e s s ' number R^ becomes 
the  c r i t e r i o n .  I f  i s  67, f  i s  co m p le te ly
independen t  of  R.  ^ bu t  depends on ly  on Mk V d "  th e
behave as  a smooth one. Owing t o  t h e  f a c t  t h a t  th e  maximum 
Rjj o b ta in e d  i n  t h i s  t h e s i s  was 5000 i n  which c a s e  th e  p ipe
w i l l  n e a r l y  behave as  smooth i n  th e  e n t i r e  scope co v e red ,  
w h i l s t  f o r  th e  w a te r  p h ase ,  n e a r l y  a l l  th e  v a lu e s  of  RTT 
f a l l  i n  the  f u l l y  t u r b u l e n t  r e g io n  where t h e r e  i s  a
k
<  4 ,  th e  p ipe  w i l lr e l a t i v e  roughness .  I f  R.
2
p r o b a b i l i t y  t h a t  f w i s  a f u n c t i o n  of  (^ )  only
.V from e q u a t io n s  (2)  and (6)  we have ;
V
f o r  a c e r t a i n  v a lu e  o f  (g-) ; f  M i s  a c o n s t a n t ,
f o r  v i s c o u s  f low of a i r  = - 1
or
o ;
VCL/ 1 /
F s t e )
and f o r  t u r b u l e n t  f low of a i r  = - . 2 5
<2 , c /6a; ( I t ) '
-  -U S
A/z. G,
s.y 'S' *6 2$a c f 7 ( z )
For t h e s e  l i m i t e d  c o n d i t i o n s  th e n  the  eq u a t io n s
a re  summarised i n  th e  fo l lo w in g  t a b l e :
Table (2)
Q» _ G>
o :  '  r c z )
F unc t ion Type o f  Flow
t . v . t . t .
G
/ n ' \''i - • /£ £
c «  W
R*) !.S 'Sa cfi c /•y , -s~ ' m*z s  a 9* C.
(22)
(25)
The c o n s t a n t s  and have t o  be de te rm in ed
e x p e r i m e n ta l l y  as  may be seen  on F ig .  (16)  f o r  th e  ca se  of
t . t .  f low where a mean v a lu e  of Q*r i s  t a k e n  as 31*6 •• o
To check the  v a l i d i t y  of the  de te rm ined  e q u a t io n ,  some v a l u e s  
of  / q ;  a re  chosen and s u b s t i t u t e d  i n  t h e  e q u a t io n ,  
r e s u l t i n g  i n  the  v a lu e s  f o r  Z as  g iven  i n  Table (17)*
The p r e s s u r e  d r o p :
For th e  p r e s s u r e  drop eq u a t io n  (19) i s  s t i l l  a p p l i c a b l e  
as  th e  a i r  f low i s  t h e  type of f low a s s o c i a t e d  w i th  smooth 
p ip e s ,  i . e .  f o r  t u r b u l e n t  f low of  a i r :
^fU P \ ~ '  ^  2 /  c ' * *  ~ f u n c t i o n  of - G v )  (24)
and f o r  v i s c o u s  flow o f  a i r :  ;
_ ( p  2  /  ^  = ^UGC^ ^on ^ j ^ 5 / )  (25)
( u u )a
where G i s  as  g iv e n  i n  Table (2)  acco rd in g  to  t h e  type 
of f low .
( I l l )  C r i t e r i o n  o f  th e  f low
As t x
4  Gvi 4  Ia/^ j-f o!
i . e .
and
' f ?  ,
+  e )  -+ e
T a b  = 7 ^  • n c - > x  * w
^  C l  _ 4 i>vd TTcJ
^  f t  '  TrJ3 A  ’ £
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i.e.
V *  ^
i t  i s  p o s s i b l e  to  de te rm ine  th e  v a l u e s  o f  R,r and
R^ which w i l l  s p e c i f y  t h e  t r a n s i t i o n  r e g io n  f o r  th e  
2
f low  so' long as 0 and C a re  known,
'F o r  each of  a i r  and w a te r  t o  be v i s c o u s ,  b o th  of
Rw mid Rw should  be 2000 i . e .  each o f  R^
N
N —  A
y  —"1and Rw should  be 63& 0 and 636 C r e s p e c t i v e l y .
'2
For each  of a i r  and w ate r  to  be t u r b u l e n t ,  b o th  of R 
and R,, should  be ^  2800 i . e .  Rv and RATjn w y  i\ ^  is 2
should  be 8920 and 892C~^ r e s p e c t i v e l y .
For a c r i t i c a l  v a l u e , s a y  f o r  th e  t . t .  f low, we can 
have th e  fo l lo w in g  th r e e  e q u a t io n s  :
Rk = 8920 (26) Rh = 892 C-1 (27)
1 2
G.
and  - - = -------------  (15)
q ;  ^ ( Z )
For one p a r t i c u l a r  case  th e  t h r e e  e q u a t io n s  cou ld
be so lved  t o g e t h e r  and the  v a l u e s  of  R>7 and Rw
b1 2
co r re s p o n d in g  to  th e  l i m i t  f o r  t u r b u l e n t  f low de te rm in ed .
The R*t and RN under  t e s t  a r e  t h u s  compared w i th  th e s e
y\ 2
v a l u e s  and th e  f low  ty p e  i s  th e n  d ec id ed .
The a p p a re n t  d i f f i c u l t y  i n  d e te rm in in g  th e  v a l u e s
o f  R^ and RAT makes i t  n e c e s s a r y  to  c r e a t e  t e n t a t i v e  
Iv1 u2
c r i t e r i o n s  to  be used  as  a f i r s t  a t t e m p t ,  th e n  a check i s -made
a f t e r  t h e  v a lu e s  of 0 and G a re  known, These t e n t a t i v e
c r i t e r i o n s  a re  used on the "basis of  the  fo l lo w in g  argument:
I f  t h e  w ate r  phase i s  f low ing  a lone  i n  th e  p ip e  w ith
a Reynolds number of  2000 say ,  t h e  i n t r o d u c t i o n  of a i r
phase makes t h e  v a lu e  of th e  Reynolds number 2000 as
th e  h y d r a u l i c  d ia m e te r  f o r  th e  w ate r  phase i s  d e c re a s e d .
As th e  a i r  phase i s  i n c r e a s e d ,  the  Reynolds number g e t s
h ig h e r  and tu r b u le n c e  i s  i n s u r e d  i n  th e  w ate r  phase .
T h e re fo re ,  t h e  cho ice  of  th e  Reynolds number R,, as  2000
f o r  th e  t u r b u l e n t  l i m i t  may be accep ted  as a c o n s e r v a t iv e
l i m i t .  I t  may w e l l  be t h a t  even f o r  Rv 2000 th e  w a te r
i
phase becomes t u r b u l e n t  as  more a i r  i s  added.
On t h e  o t h e r  hand, i f  t h e  w a te r  i s  f low ing  a t  a very  
low Reynolds number, the  a d d i t i o n  o f  a i r  w i l l  i n c r e a s e  i t ,  
b u t  n o t  t o  a l i m i t  where i t  exceeds 2000. The i n s p e c t i o n  
of  th e  a v a i l a b l e  d a t a  t o  de te rm in e  th e  l i m i t i n g  v a lu  0 f o r  
R~ , which w i l l  keep th e  f low o f  w a te r  v i s c o u s ,  makes one 
b e l i e v e  t h a t  i f  chosen t o  be 1000, w i l l  no t  be u n reaso n ab le  
The same argument a p p l i e s  t o  th e  a i r  phase .
These c r i t e r i o n s  a re  t a b u l a t e d  th en  as fo l lo w s :
Table (3 )
Reynolds No. Type of FI.ow
t . t . v . v . v . t . t . v .
iM1
>  2000 1ooo ^ 1 0 0 0 2000
r.t
2
y  2000 ^ 1 0 0 0 y  2000 y  -looo
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(C ) Bubble flow
As i s  mentioned ,in th e  d i s c u s s i o n  on p, 7 2 f' 74 t h a t  
one o f  t h e s e  ty p e s  of  flow i s  t h a t  i n  which the  a i r  i s  
f low ing  i n  ex t rem ely  small  bu b b le s  d i s t r i b u t e d  over  th e  
c r o s s - s e c t i o n  and moving w i th  h ig h e r  v e l o c i t y  th a n  th e  
w a te r .  The b ubb le s  may be moving i n  s u c c e s s io n  so t h a t  
th e y  appear  t o  be con t in u o u s  tu b e s  of a i r .
( I )  Flow th ro u g h  smooth p i p e s :
I f  t h e  a i r  i s  always surrounded  by w ate r  and f lo w in g  
w i th  t h e  same v e l o c i t y ,  i t  w i l l  be m ere ly  b lo c k in g  t h e  a r e a  
of  f low ,  th e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  p ipe  b e ing  i n  
such a way as t o  g ive  a mean w a te r  v e l o c i t y  of  Q w /A w 
When th e  a i r  sh o o ts  th ro u g h  t h e  w a te r  w i th  a h ig h e r  v e l o c i t y -  
as i s  observed  i n  p r a c t i c e  -  th e  d rag  t h a t  i s  t h u s  caused  
w i l l  modify th e  i n t e r n a l  s h e a r  i n  t h e  w a te r  phase ,  r e s u l t i n g  
i n  a r e c o n d i t i o n e d  v e l o c i t y  d i s t r i b u t i o n .  I f  i t  i s  assumed 
th e n  t h a t  t h e  a i r  phase i s  ' f lowing i n  Mn M tu b e s  d i s t r i b u t e d  
over  th e  e n t i r e  c r o s s - s e c t i o n  of  the  p ipe  such t h a t  t h e i r  
t o t a l  a r e a  e q u a l s  th e  a r e a  of  a i r  f lo w  A , t o g e t h e r  w i thSi
th e  t h r e e  p o s t u l a t e s  of s e c t i o n  (B),  ( p . 4 5 )  we g e t :
( ± )  . d . .  -L (28)
where 7^ = s h e a r  s t r e s s  a t  th e  p ip e  w a l l .
Using a power law f o r  t h e  v e l o c i t y  d i s t r i b u t i o n
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' ■ & f )\ 4  ' \  X  /  (29)
where i s  a c o n s t a n t .
But f o r  th e  a i r  p h a s e : -  \ f  s  d i a m e t e r  o f  a s s u m e d  a i r  t u b e s
,\ n . zn  J 2 _  d  = y S A4  “ a  " < »  O J n  n
or
r ~  y « / 7
*»
*/a _  / ^ a .  (30)
e (
I f  a power law f o r t h e  v e l o c i t y  i n  th e  assumed sm all  a i r  
tu b e s  i s  used :
d L -  k  ( y * - d c * )  2 (31)
where v^ i s  the  r e l a t i v e  v e l o c i t y  w i th  which a i r  i s
»
f low ing  w i th  r e s p e c t  to  w a te r ,  V* b e in g  th e  s h e a r  v e l o c i t y
i2 2 )  .
*  <d‘
o r
and as v = v -  v r  a *
-*• from e q u a t io n s  28, 29, 3^ and 32 we have
-  61 -
As i n  the  ca se  of  s e p a r a t e  f low ,  the  f low type  may he one 
of  th e  f o l lo w in g  c a t e g o r i e s
( i )  The f lo w  of b o th  a i r  and w a te r  may be t u r b u l e n t ,  
i n  which ca se  each of y^ and y^ (a p p ly in g  th e  sev en th  
X>ower law) e q u a l s  1 /7  ( t . t .  f low )
( i i )  The flow o f  b o th  a i r  and w a te r  may be v i s c o u s  i n  
which ca se  b o th  of y^ and y^ equa l  1 ( v . v .  f low)
( i i i )  The f low  of  w a te r  may be v i s c o u s  and the  f low of  a i r  
may be t u r b u l e n t .  In  t h i s  ca se  y^ = 1 and y^ =1/7 ( v . t . f l o w
( i v )  The f low  of  w a te r  may be t u r b u l e n t  and th e f lo w  of  a i r
may be v i s c o u s .  In  t h i s  case  y^=1/7 and 1 ( t . v .  f low )
For ca se  ( i )  eq u a t io n  (33) becomes:
o '  z - z  -  i
O ' -h / K  z
(34)
-h!
’or  ca se  ( i i )  e q u a t io n  (33)  becomes:
a
Q :
z  -  / z  -  /
K 3 Z ~ ' + /
(35)
?or ca se  ( i i i )  e q u a t io n  (33) becomes
Qu _ z  -  \_______   z -  /
a '  ^(i/Wz‘
And f i n a l l y ,  f o r  case  ( i v )  e q u a t io n  (33)  becomes:
(36)
a. z -  > (37)
K z  +  i
4
These e q u a t io n s  a r e  summarised i n  the  f o l lo w in g
Table *-
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T a b le  (4-)
Qw Z  -  / 
Q«~ K z n-h /
Type of Flow
t . t . V .  V .
K (£ ) * *  (%)
n -5 /1*-■  . .................. -1
V .  t  . t  . V .
K
n - 5 /1 4 -1
The c o n s t a n t s  have to  be de te rm ined
e x p e r i m e n ta l l y  as may be seen i n  F ig s .  1 4 ,1 8 ,1 9  f o r  t .v .^ rW
t . t ,  f low s i n  b o th  h o r i z o n t a l  and v e r t i c a l  g a lv a n i s e d  p ip e s
To check th e  v a l i d i t y  of  th e  de te rm ined  e q u a t io n  some
v a l u e s  of /Q* a r e  chosen  and s u b s t i t u t e d  i n  th ea
e q u a t io n ,  r e s u l t i n g  i n  th e  v a lu e s  of  Z as  g iven  i n  T ab les  
( 1 3 ,2 1 ,2 4 ) .
The p r e s s u r e  d r o p :
For th e  p r e s s u r e  drop e q u a t io n  ( 3 i )  i s  used:
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For a i r  f low ing  alone i n  the  p ip e :
-  \  y «  j
(where J 2 a re  ^ i8 same as of e q u a t io n  (5"0 u s in g
th e  same argument of p .  52) •
As
1 4
I
as v 0 = Q* /A ; v = -  v2 * r  a w and A = Aa + Aw
and a s  Z i s  a f u n c t i o n  of  (Q w /Q ' j K) as  from Table (4)
= f u n c t i o n  of Q
a
'or t . v .  f low
K '
••«> m a t ’
(53)
%
as t h e  a i r  i s  f low ing  v i s c o u s l y :
r-  op -
... (A e \ = Q a
\d X -J  7TcJ^
(39)
Prom e q u a t io n s ( 3 8 )  and (39)  f o r  c e r t a i n  two phases  
f low ing :
' ■ ■ /  Q„ rz> \
f u n c t i o n  of  ^ * ' W  J
( $ ) 2
/  i!  \ 7  /ZD \
For t . t .  f low  =3 u ^
V  A C ? ’C»
so t h a t  f o r  c e r t a i n  two phases  f low ing
( j & tp. ,  „ / £ i \— . j —  -  f u n c t i o n  o f  I ) on ly  (4-1)
( S h  \ G ' J
( I I )  Flow th ro u g h  rough P i p e s :
I f  i t  i s  assumed t h a t  th e  a i r  i s  surrounded  by th e  
w a te r  phase the  e f f e c t  of th e  roughness  on th e  a i r  phase 
i s  i n d i r e c t ,  th e  w a te r  phase b e in g  th e  one i n  c o n t a c t  
w i th  th e  w a l l .  N ea r ly  a l l  th e  flow of  .w a te r . in  t h i s  
i n v e s t i g a t i o n  f e l l  i n  th e  f u l l y  t u r b u l e n t  r e g io n  where u£jM
' 1Ci s  on ly  a f u n c t i o n  of ( jO? i . e .  a l l  v a lu e s  of R,T w i l lQ. i'w
p ro b ab ly  be i n  t h i s  r e g io n .
v w - K11 V  (42)
from e q u a t io n s  ( 31 )? (4-2):
— 6 6  —
UJ K ,
± 4 . ’
Q w
~ a
Z  -  I
—J (qI z ~ h  I (43)
For v i s c o u s  f low  of a i r  y^ "  ^ an( -^ e q u a t io n  (4-3)
becomes:
6 b  __ ^  _^____________
k ;3 ( ^ )  2  ( i h F )  - + - 1
2  -  /
z  + 1
(44)
IFor t u r b u l e n t  f low of  a i r  ^  an(  ^ e q u a t io n  (43)
becomes:
 ^ \(^ )WWf24iv/z  -  I z  - 1~f~ I ~ V
These e q u a t io n s  a re  summarised i n  th e  fo l lo w in g
T a b l e :
Table (3)
2 -  Ia  _ _ _ ___________
Q: ~ K z-n+ I
K
n
Type of  Flow
t . v,
* » (% ,
'H d
M j /
-1
t  0 t
k : u I /  U
> / e
' n > v  u ?
■=57T5'
r u t
>
The c o n s t a n t s  K ^  an& a re  f u n c t i o n s  o f  (^ )
and have t o  be de te rm ined  e x p e r im e n ta l ly  as may be seen  i n
F ig .  (17 ,  20 and 21) f o r  th e  h o r i z o n t a l  and v e r t i c a l  rough
p i p e s .  To check th e  v a l i d i t y  of  the  de te rm ined  e q u a t io n s
some v a lu e s  o f  Q / Q ’ a re  chosen and s u b s t i t u t e d  i n  th ea
eq u a t io n , '  r e s u l t i n g  i n  t h e  v a lu e s  f o r  Z as g iv en  i n  
Tab les  (19 ,27  and 29) .
The p r e s s u r e  d r o p :
For th e  p r e s s u r e  drop e q u a t io n  (38) i s  s t i l l  a p p l i c a b l e
where K  i s  as  g iven  i n  Table (5)» 
For v i s c o u s  flow o f  a i r :
i n  t h i s  case  : i . e .  M• C W r P  P = func t ion ,  of  , K)
and as  the  a i r  i s  f low ing  v i s c o u s l y
• .
- K - -  K,s 2. (46)
For t u r b u l e n t  f low  of a i r :
-  6 8  -
/
( I I I )  C r i t e r i o n  of  th e  f l o w :
The same argument g iven  on p. 58 could  be used  i n  
t h i s  ca se  too  and th e  same v a l u e s  of  Rv and RTO as
H  2
g iv en  i n  Table (3)  a re  su g g e s ted .
CHAPTER V 
R e s u l t s  and D isc u ss io n
The complex b e h av io u r  o f  two-phase f low  systems 
and th e  v a r i e t y  o f  v a r i a b l e s t h a t  a r e  in v o lv e d  d i r e c t s  one 
t o  t h e  f a c t  t h a t  th e  e a s i e s t  way f o r  a t t a c k i n g  such a 
problem comes th ro u g h  i t s  comparison w ith  s i n g l e  phase f low .
An exam ina t ion  of th e  cu rv es  o f  M a r t i n e l l i  and co­
workers  (20 ,27 ,28 ,30 , .31  and 38) l e d  to  the  c o n c lu s io n  t h a t  
each observed  t r a n s i t i o n  between ty p e s  of flow was accompanied 
by a change i n  the  b eh av io u r  of th e  flow c h a r a c t e r i s t i c s .
I t  may be a d v i s a b l e  th u s  to  d e v i s e  a c o r r e l a t i o n  f o r  each  jIi
o f  th e  observed  ty p e s  of  f low r a t h e r  th an  having  a c o m p le te ly  j 
g e n e ra l  c o r r e l a t i o n ,  as p r e s e n te d  by M a r t i n e l l i .  By u s in g  j 
t h i s  approach ,  a u s a b le  method f o r  c o r r e l a t i o n  has been 
d e r iv e d .  The assum ptions  used  p e r m i t t e d  a d e f i n i t i v e  
r e l a t i o n s h i p  between th e  d im e n s io n le s s  p a ram e te rs  
and th e  o p e r a t i n g  v a r i a b l e s .  Whilst  the  a n a l y s i s  has avoided  
th e  d e t a i l s  of  th e  f low phenomena, i t  l e d  to  p h y s i c a l ,  
s i g n i f i c a n t  d im e n s io n le s s  v a r i a b l e s ,  by which t h i s  
i n v e s t i g a t i o n ,  when compared w i th  o t h e r s ,  r e s u l t e d  i n  a 
s a t i s f a c t o r y  c o r r e l a t i o n .
Types of f l o w : -
I t  -was mentioned by B e rg e l in  (5 )  t h a t  th e  f low ty p es  
depend on th e  method of mixing th e  a i r  and w a te r ,  o r ,  i n  
o t h e r  words,  on the  shape of th e  i n l e t  s e c t i o n .  The ty p e s  
of  f low  d e s c r ib e d  h e r e i n ,  a r e  t h o s e  which were p o s s i b l e  to
P/&IU O^SE.J2VE.D T V P E :^  O F  Fl-0\M  IN4 THE. H O ftlZ Q N k T ftU  &{(=>£.
AU- THESE. TNPESfc OR PftRT OF IT 
k A IC .H ’T  O C C U R .  W I T H  B E U O > N k
» o a  f / 3/ s e c  w /tw r w e  i n c r c a s *
(7^ Oc\.
-  -  ' U
AU- T h £ « » E  T ' l P E S  O R  P R R T  O F  IT 
O C C U R  VNITU Q»o fV ^O N E^VCaUT
• D 2 . f t ^ l s e . C  V M ITW  T H E  \ M C J R R P k 3 E .  
O F  Q ol.
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A  SEPARATE FLOW WITH WHNN INTERFACE (TAKING PUP.cE OCCASION
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d e f in e  d u r in g  the  course  o f  th e  p r e s e n t  i n v e s t i g a t i o n .
I n d i v i d u a l  f low  ty p e s  a r e  shown i n  F ig .  (8 )  and a 
complete  p i c t u r e  of  the  r e l a t i o n s h i p  of th e  v a r io u s  ty p e s  
o f  f low  a re  shown i n  F ig s .  (11 and 12 ) .  I t  was p o s s i b l e  
w i th in  the  l i m i t s  of  th e  a p p a ra tu s  used  to  d i s t i n g u i s h  
th e  f o l lo w in g  ty p e s  of flow:
( A) H o r iz o n ta l  P i p e :
( i )  Bubble f low
With c o m p ara t iv e ly  low w ate r  r a t e s  th e  a d d i t i o n  of 
a i r  g iv e s  r i s e  t o  bubble  f low .  When th e  v e l o c i t y  of  a i r  
i s  v e ry  low to  such an e x t e n t •t h a t  t h e  a i r  s tream becomes 
too  sm al l  t o  e x i s t  a s  a c o n t in u o u s  s t ream ,  t h e r e  are  i n d i v i d ­
u a l  b ubb le s  f low ing  on th e  to p  of  th e  p ip e .  These b ubb le s  
a r e  l i k e  p lu g s  and moving s lo w ly ,  one f o l lo w in g  th e  o t h e r ,  
t h e i r  motion i s  sometimes so slow t h a t  i t  was p o s s i b l e  to  
measure t h e i r  v e l o c i t y  w i th  th e  a id  o f  a s c a l e  and s t o p -  
‘ watch.
On th e  o th e r  hand, f o r  h ig h e r  w a te r  r a t e s ,  t h e s e  
p lu g s  do no t  a p p e a r ,  as  a v ig o ro u s  mixing i s  t a k in g  p l a c e .  
Very sm all  b ubb le s  move i n  c o n t in u o u s  s t ream s  so th a t ,w h e n  
o b se rv ed ,  seem to  be as  con t in u o u s  tu b e s  of a i r .  When a i r  
i s  i n c r e a s e d ,  t h i s  motion i s  f a s t e r  and th e  l i q u i d  a c q u i r e s  
a m ilky  appea rance .
( i l )  S ep a ra te  f l o w :
When th e  water  r a t e  i s  c o m p a ra t iv e ly  low th e  i n c r e a s e  
o f  a i r  r a t e  r e s u l t s  i n  s e p a r a t e  f low  : w a te r  be in g  co n f in e d
_  O a( -A
t o  th e  bottom of th e  p ip e ,  a i r  f low ing  on to p .  Sometimes 
t h e r e  was a s lug  of w ater  t h a t  passed  i n t e r m i t t e n t l y  eve ry  
few m in u te s ,  bu t  t h e r e  was a s ta g e  a t  which an almost  
p e r f e c t l y  smooth i n t e r f a c e  o c c u r re d .  As was sometimes 
observed  ~ and confirmed by o t h e r  i n v e s t i g a t o r s  ( 5 , 7 , 9 )  -  
waves s t a r t e d . a t  th e  i n t e r f a c e  as th e  v e l o c i t y  of a i r  
i n c r e a s e d .  This  wave motion ,  a p p a r e n t ly  has  a d e f i n i t e  
v e l o c i t y ,  wave l e n g th  and a m p l i tu d e ,  so long as  the  
v e l o c i t i e s  of a i r  and w ate r  a r e  c o n s t a n t s .
I f  th e  a i r  o r  w ater  v e l o c i t i e s  were suddenly  i n c r e a s e d  
s lu g s  of w a te r  t r a v e l l e d  a long  the  p ipe  even though th e  
f low  was w e l l  below th e  c r i t i c a l  f o r  s lu g  f low . These 
s lu g s  d ie  away, l e a v in g  th e  normal s e p a r a t e  f low to  ta k e  
p l a c e .  This  i s  a p p a r e n t ly  caused  by th e  abnormal wave 
motion  s e t  up when th e  v e l o c i t y  sudden ly  changes ,  ca u s in g  
a wave t o  h i t  th e  to p  of  th e  p ip e  and a s lu g  to  form.
(3)  V e r t i c a l  p i p e :
( i )  Bubble f l o w :
The motion o f  b ubb le s  i n  v e r t i c a l  columns have long 
a t t r a c t e d  s e v e r a l  i n v e s t i g a t o r s .  As observed  by Gibson ( 1 4 ) ,  
th e  b u b b le s  r i s i n g  up sm al l  t u b e s  change i n  shape,  due to  
th e  e f f e c t  of  w a l l  d r a g .  When th e  bubb le  d ia m e te r  exceeds 
abou t  0 .7 5  o f  th e  tube  d ia m e te r ,  i t  v i r t u a l l y  f i l l s  the  
t u b e ,  excep t  f o r  a t h i n  f i lm  of  w a te r ,  th e  shape adopted  
b e in g  t h a t  of  a b u l l e t  o r  s lu g  w i th  an o g iv a l  head and f l a t
-  7 4  -
bu t  t u r b u l e n t  b a s e .  Th. Dumitrescu r e p o r t s  a c o n s t a n t  
v e l o c i t y  of  a s c e n t  o f  t h i s  b u l l e t - s h a p e d  bubble  and s t a t e s  
t h a t  i t  i s  s low er  th a n  small  s p h e r i c a l  b u b b le s ,  th e  l a t t e r  
t h e r e f o r e  c a t c h  up on th e  l a r g e  bubble  making i t  even 
l a r g e r .  V e r sc h o o r ’ s (42) exper im en ts  on th e  r i s e  of 
swarms of b u b b le s  i n  a s t i l l  w a te r  column showed how th e  
b ubb le s  changed from a c o n s t a n t  v e l o c i t y ,  f low ing  b u b b le s  to  
th o s e  i n  which th e  v e l o c i t y  i n c r e a s e  due t o  marked co a le s c e n c e  
th e  l a r g e r  bu b b le s  t h u s  formed having  a h ig h e r  v e l o c i t y  o r ,  
i n  t h e  ex trem e,  forming a co n t in u o u s  c e n t r a l  co re  of  a i r ,  
th e  f low  be in g  a n n u la r .
These r e s u l t s  conf irm  q u i t e  w el l  w i th  th o s e  observed  
d u r in g  th e  p r e s e n t  ex p e r im en ts .  When th e  r a t e  o f  w a te r  
f low  i s  low, t h e r e  i s  a s t a g e  a t  which th e  swarms of bu b b le s  
c o a l e s c e  and form t h a t  long b u l l e t - s h a p e d  bubble  which r i s e s  
u n i fo rm ly  up th e  p ip e .  When th e  r a t e  of  f low of w ate r  i s  
h ig h e r  th e  v ig o ro u s  mixing does not g ive  a chance f o r  such 
a ty p e  of  bubble  to  t a k e  p l a c e ,  t h e  f low  b e in g  co n t in u o u s  
s t ream s  of  bu b b le s  such t h a t  when observed s e e m s ' to  be as 
co n t in u o u s  tu b e s  of a i r .  When th e  a i r  i s  i n c r e a s e d  t h i s  
motion  i s  f a s t e r  and th e  l i q u i d  a c q u i r e s  a milky  ap p e aran ce ,
( i i )  Slug f l o w :
As the  a i r  was in c r e a s e d  a s lu g  of w a te r ,  f i l l i n g  
th e  e n t i r e  d ia m e te r  of  th e  p ip e ,  was fo rc e d  th ro u g h  by 
a ir .  a t  h igh  v e l o c i t y .  In  t h i s  ca se  th e  f low was u n s te a d y  :
See r e f e r e n c e  (57) P* 550
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th e  w a te r  was pushed up by a i r  and th en  dropped m om entari ly  
under  i t s  own w e ig h t , s p la s h in g  i n t o  th e  nex t  fo l lo w in g  
slug*
F r a c t i o n  of  p ipe  a r e a  f i l l e d  w i th  a i r :
The s a t i s f a c t o r y  r e s u l t s  obtained, by th e  use  of  th e  
q u i c k - c l o s i n g  va lv e  w i th  th e  g a lv a n i s e d  p i p e ,  as  compared 
to  t h o s e  of camera t e s t s  shown on F ig s .  (13*14,18 and 19)? 
shows how t h i s  s imple  way o f  measurement i s  f r u i t f u l .  I t  
was th u s  th e n  used  i n  th e  ca se  of  th e  rough p i p e , a s  i t  was 
no t  p o s s i b l e  to  use  th e  camera i n  t h i s  c a s e .  The r e s u l t s  
a r e  shown i n  T ab les  1 3 ,20 ,28  and 30 f o r  b o th  h o r i z o n t a l  
and v e r t i c a l  p ip e s .
I n  th e  t h e o r e t i c a l  a n a l y s i s ,  e q u a t io n s  f o r  th e  f r a c t i o n  
o f  p ipe  a r e a  f i l l e d  w i th  a i r  were d e r iv e d  f o r  d i f f e r e n t  j
t y p e s  of  f low and d i f f e r e n t  f low co m b in a t io n s .  The r e s u l t s  
p r e s e n t e d ,  f a l l  i n  t h e  s o - c a l l e d  t . t .  and t . v .  f low c a te g o r i e s !
The c o n s t a n t s  C and X a s s o c i a t e d  w i th  t h e s e  
e q u a t io n s  a re  de te rm ined  on t h e  b a s i s  o f  t h e  e x p e r im en ta l  
r e s u l t s .  The v a lu e s  f o r  th e  c o n s t a n t s  t h a t  b e s t  s u i t  t h e s e  
r e s u l t s  a r e  g iv e n  i n  Table (6)  f o r  b o th  v e r t i c a l  and 
h o r i z o n t a l  p ip e s .
H o r i z o n ta l  g a lv a n i s e d  p i p e :
An exam ina t ion  of F ig s .  (13 and 14-) shows how th e  
f low  i s  changing  from s e p a r a t e  to  bubble  t . v .  f low as  th e  
r a t i o  /Q^ i n c r e a s e s .
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Table (6 )
C = c o n s t a n t  f o r  s e p a r a t e  f low, K = c o n s t a n t  f o r  
bubble  (and s lu g )  f low
Type of Flow
Type of Pipe t . t . t V .
H o r iz o n ta l
G alvan ised
>©
£a
-  1 . 6 6 8 -
H o r iz o n ta l
rough
k
Q_
<U
V) C16 -  31 .6 -
H o r iz o n ta l  ' 
G alvan ised
Kr? = 1.635 x 10-5
H o r iz o n ta l
rough
- rr „13“ 5.74- x 10-5
o
V e r t i c a l
G lass
I—I
= •028 K?  = 3 .1 2  x 10“ 5
©
V e r t i c a l
G alvan ised
H
P
fO
= . 028 K?  = 3 .1 2  x 10"5
3
V e r t i c a l
rough
pq
K14 -  .0225 k13= 4 .3 8  x 10“ 5
I I
£
-^]-^t~4
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There i s  no d e f i n i t e  p o in t  t h a t  d e f i n e s  th e  change
from one f low to  t h e  o t h e r ,  hut  as  observed  v i s u a l l y ,  i t
could  be ro u g h ly  s a id  t h a t  f o r  :
Bubble f low t . v .  down to  a Qw/Q* of  1 .6a
S e p a ra te  f low t . t .  up to  a Q^ /Q! o f  2s.
Each of t h e s e ' r a n g e s  fo l lo w s  a d i f f e r e n t  way o f  change of 
the  f r a c t i o n  of  p ipe  a r e a  f i l l e d  w ith  a i r  w i th  r e s p e c t  t o
th e  m ix tu re  r a t i o  .
In  F ig .  (14) i t  i s  c l e a r  t h a t  when Q,w /Q* i s  l a r g eol
i t s  v a r i a t i o n  does no t  change th e  r a t i o  A VA v e ry  much anda
hence ,  th e  r e l a t i v e  v e l o c i t y  o f  a i r  rem ains  a l s o  u n a f f e c t e d .  
When th e  r a t i o  g e t s  as low as  10 th e  v a r i a t i o n  i s  pronounced.  
For t h e  lower r a t i o s  much s t e e p e r  v a r i a t i o n  i s  found.
With a c o n s t a n t  Qw , th e  s l i g h t  v a r i a t i o n  o f  the
sm all  Q* w i l l  v a ry  th e  r a t i o  Q c o n s id e r a b l y ,  though
SL cl
t h e  p o r t i o n  occup ied  by gas  v a r i e s  but  l i t t l e .  The v a lu e
of  A /A v a r i e s  f ro m .0 .25  to  0 .55  i n  a range  of /Q ’3L ^  &
of about 2 .35  to  1 . 4 ,  w h i l s t  t h e  v a r i a t i o n  from .05 to  0 .15  
took  p la c e  over  a b ig g e r  range of Qw /Q^ from n e a r l y  19 to  
5.
With a c o n s t a n t  Q.. , th e  d e c r e a s i n g  v a l u e s  o f  /Q**v St
i n d i c a t e s  an i n c r e a s i n g  Q’ , which i s  a s ig n  of  s e p a r a t e
SL
f lo w • Although th e  a i r  v e l o c i t y  i n  t h i s  f low i s  much h ig h e r  
i n  comparison w ith  t h e  w a te r  -  as  seen  i n  Table (11)  where 
th e  v a lu e s  of vw a re  e n t e r e d  f o r  th e  sake of 
com parison  -  y e t  s t i l l  th e  r a t i o  A& /  A i s
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r a p i d l y  i n c r e a s i n g  w i th  th e  d e c re a s e  of  Q.. / Q ’ ( see  Fig.,a j
13 ) .
To de te rm ine  the  c o n s t a n t  f o r  th e  curve  of  F i g . 13*
th e  f u n c t i o n  F^(Z) has  to  "be c a l c u l a t e d .  The v a l u e s  of 
"0 " a re  assumed and th e  f u n c t i o n  c a l c u l a t e d  and p l o t t e d  
a g a i n s t  Z i n  F ig .  15* th e  c a l c u l a t e d  v a lu e s  a r e  shown i n  
Table (1 6 ) .  Throwing a g lan ce  on th e  f u n c t i o n  "GM , i t  
i s  c l e a r  t h a t  th e  p h y s i c a l  p r o p e r t i e s  of  th e  tw o-phases  
has  a marked i n f l u e n c e  on th e  p o r t i o n  of p ipe  occupied  by 
a i r ,  th u s  th e  v a r i a t i o n  of th e  p ip e  mean p r e s s u r e  h as ,
( th ro u g h  t h e  d e n s i t y  of  a i r ) ,  an i n d i r e c t  e f f e c t .
The v a lu e s  of v a r i e d  ove r  th e  range  1 . 1 7 - 3 . 8 6  x
lL '10 f o r  which t h e  f u n c t i o n  G^  v a r i e d  from 0.4-14- t o  0 .3 8 ? .  
This  narrow range  o f  v a r i a t i o n  p e r m i t t e d  p l o t t i n g  of  th e  
r a t i o  ^ a/A a g a i n s t  Qw /Q^ ( a s  shown i n  F ig .  13) as  a 
s i n g l e  cu rv e .
H o r i z o n ta l  rough p i p e :
The same t r e n d  of v a r i a t i o n  of /Q* a g a i n s t  A /A
<3. a
i s  observed  i n  F ig s .  (16 and 1 7 ) .  As i t  was not  p o s s i b l e  
to  de te rm ine  th e  ty p e s  of f low v i s u a l l y ,  th e  same ran g es  
o f  v a r i a t i o n  f o r  t h e  h o r i z o n t a l  g a l v a n i s e d  p ip e  were t a k e n .
As p l o t t e d  on. Fig  * (1 5 ) ,  the  f u n c t i o n  F^(Z) has a h ig h e r  
v a lu e  compared w i th  F^(Z) f o r  th e  g a l v a n i s e d  p ipe  f o r  th e  same 
v a lu e  o f  Z. Also th e  f u n c t i o n  G i s  v a ry in g  d i f f e r e n t l y .
7/hi 1 s t  G^  v a r i e s  w ith  t h e  d e n s i t y  and v i s c o s i t y  of th e  
two p h a s e s ,  Gg v a r i e s  on ly  w i th  t h e  d e n s i t i e s .  Moreover,
xn
n ' t
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th e  v a r i a t i o n  of  a f f e c t s  the  f u n c t i o n  G^  w h i l s t  j
i t  has no e f f e c t  on G  ^ which, i n  t u r n ,  i s  a f f e c t e d  by j
. Although th e s e  i n f l u e n c e  th e  r a t i o  A&/A, y e t  i t  !
i s  f e l t  t h a t  i t s  e f f e c t  ex tends  t o  the  v a lu e  of  t h e  c r i t i c a l
p o in t  of change from one f low  to  a n o th e r .
F ig .  (16) shows' t h a t  f o r  th e  h o r i z o n t a l  rough p ip e
th e  A /A i s  s m a l le r  th a n  t h a t  f o r  h o r i z o n t a l  g a lv a n i s e d
p ip e s  f o r  th e  same Q /Q* . This  may be due to  th e  f a c tw s
t h a t  f o r  a c e r t a i n  Q w the  p r e s s u r e  drop i n  t h e  rough
p ip e  i s  much h ig h e r  th a n  th e  g a lv a n i s e d  one: t h u s ,  th e
a i r  phase has  to  i n c r e a s e  i t s  v e l o c i t y  ( r e s u l t i n g  i n  a s m a l l e r
f low a r e a )  t o  e q u a l i z e  th e  p r e s s u r e  drop w i th  t h a t  o f  th e
w a te r  p h ase ,  c o n s e q u e n t ly  th e  r a t i o  A /A becomes s m a l l e r .a
V e r t i c a l  g l a s s  p i p e :
In  F ig s .  (18 and 19) a re  shown p l o t t e d  th e  p o i n t s
o b ta in e d  from camera t e s t s  as  g iven  in  T ab les  (22 and 2 5 ) ,
t o g e t h e r  w ith  th o se  of th e  q u i c k - c l o s i n g  v a lv e  as shown i n
T ab les  (29 and 26) f o r  th e  v e r t i c a l  g a lv a n i s e d  p ip e .  The
p o i n t s  f o r  b o th  p ip e s  f a l l  q u i t e  c l o s e  to  a mean drawn c u rv e .
Two ran g es  of  f low have been i d e n t i f i e d  : t . v .  f low down to
a Qu / Q 1 = 1 . 8  and t . t .  bubble  f low  which was fo l low eda
by s lu g  f low below a r a t i o  of  2 .8 .  For t h e  l a t t e r ,  t h e r e  
was no need f o r  i d e n t i f y i n g  each s e p a r a t e l y  as  th e s e  f i r s t  
s t a g e s  of  s lu g  f low  were t r e a t e d  as i f  th e y  were t . t .  bubble  
f low  and th e  r e s u l t s  l a y  c l o s e  t o  th e  curve  of  F ig .* ' ( 1 8 ) .
F ig .  (19)  s t i l l  has t h e  same t r e n d  of v a r i a t i o n  as
TT1
-j—h
the  co r re sp o n d in g  one f o r  th e  h o r i z o n t a l  g a lv a n i s e d  p i p s ,  
bu t  i t  has  a h ig h e r  c o n s ta n t  i n  t h e  e q u a t io n  
_QW Z -  1
cq kz11 + 1
which r e s u l t s  i n  a s m a l le r  A /A th an  th e  h o r i z o n t a l  g a lv a n is -a
ed p ipe  f o r  th e  same / Q 1 • A f o r c e  t h a t  has  a pronounceca  -
e f f e c t  i n  t h e  v e r t i c a l  and not  i n  th e  h o r i z o n t a l  p ipe  i s  
th e  buoyancy :-  th e  bubb les  i n  th e  v e r t i c a l  p ipe  move up 
w ith  c e r t a i n  f low  c o n f i g u r a t i o n ,  as d e s c r ib e d  on p. 73 
This  might g ive  an e x p l a n a t io n  to  t h e  v a r i a t i o n  of th e  v a lu e  
of th e  c o n s t a n t  i n  th e  above-mentioned e q u a t io n ,  even i f  
th e  c o n d i t i o n s  a re  a l l  th e  same i n  b o th  p i p e s ,  th e  e f f e c t  
o f  buoyancy i s  to  have f a s t e r  moving bu b b le s  up the  v e r t i c a l  
p ip e ,  r e s u l t i n g  i n  a s m a l l e r  volume occupied  by th e  a i r  phase, 
V e r t i c a l  rough p i p e :
The cu rv es  s t i l l  have th e  same g e n e ra l  appearance  as 
f o r  th e  o th e r  - p ip e s .  Both bubble  and s lu g  f lows a re  t a k e n  
to  have th e  same c r i t i c a l  v a lu e s  as  f o r  th e  v e r t i c a l  g l a s s  
p ip e .  T ig s .  (20 and 21) show t h a t  he re  th e  r a t i o  A /A 
i s  even s m a l l e r .  This  cou ld  have t h e  same e x p l a n a t io n  as 
g iv e n  on p. 86 f o r  th e  h o r i z o n t a l  rough p ip e .
|The c in e -cam era  t e s t s : j
!
In  T ab les  (1 1 ,1 4 ,2 2  and 25) a r e  shown th e  r e s u l t s  of  j
th e  frames a n a l y s i s  f o r  d i f f e r e n t  m ix tu re  r a t i o s  of  b o t h  j
h o r i z o n t a l  and v e r t i c a l  p i p e s ,  t o g e t h e r  w i th  th e  c a l c u l a t e d  I
90 -
v e l o c i t y  of  t h e  w a te r  phase "vw ” and th e  r a t i o  v a/ v^ • j
x |
With a maximum of 0 .0435 f t ^ / s e c .  i n  th e  |
v e r t i c a l  p ip e  i t  was no t  p o s s i b l e  to  f i lm  over  a Q* of3
X ;3
.0085 f t  / s e c . ,  no t  because  th e  speed was beyond the '  range 
of  t h e  camera,  b u t  was due to  th e  tho rough  mixing o f  a i r
;h
and w a te r ,  such t h a t  th e  w a te r  had a m ilky  appearance  and j
i t  was no t  p o s s i b l e  to  d i s t i n g u i s h  t h e  bu b b le s  i n  t h i s  c a s e ,  j
$
The maximum v e l o c i t y  of a i r  t h a t  was p o s s i b l e  to  j
measure w i th  the camera was a Mv " o f  22 .4  f t / s e c . ,  th ea I
s i n g l e  bubb le  ap p ea r in g  i n  about  tfcraeframes. With l e s s  t h a n  I
*t h i s  number of  frames th e  a i r  v e l o c i t y  cduld  not  be determined;
!
a c c u r a t e l y  enough. Moreover,  t h e  v e l o c i t y  i s  t a k e n  t o  be 
th e  mean t r a v e l  of  th e  bubble  i n  th e  number of  f rames obtained; 
so t h a t  the  l e s s  th e  number th e  l e s s  i s  t h e  accu rac y .
P o s s i b l e  end e f f e c t s  must a l s o  be remembered, however , s in c e  
th e  a r r i v a l  of  b ubb le s  a t  a f r e e  s u r f a c e  a t  th e  end of th e  !
p ipe  can  cause  o s c i l l a t i o n s  of  t h e  column of th e  m ix tu re  j
w ith  v a r i a t i o n s  i n  th e  v e l o c i t y .  j
For th e  o th e r  two Qw of .0492 and .053 f t ^ / s e c ,
i t  was no t  p o s s i b l e  to  f i lm  an y th in g  a t  a l l ,  e i t h e r  due to
th e  f a s t  v e l o c i t i e s  of  b ubb le s  o r  due to  th e  mixing e f f e c t .  j
■ |When th e  s t a g e  of marked c o a le s c e n c e  a t  r e l a t i v e l y  }
j
h ig h  a i r  v e l o c i t i e s  i s  a t t a i n e d ,  th e  b u b b le s  a r e  no lo n g e r  j
|s t e a d y ,  and t h e s e  c a s e s  have t o  be exc luded .  The appearance  i
i
i
o f  th e  bu b b le s  i n  a v e ry  l im i te d ,  number o f  frames, w i l l  jIId e s c r i b e  t h e  motion a t  a s p e c i f i e d  i n s t a n c e  and not th e  j
|mean v e l o c i t y ,  so t h a t  th e  v a l u e s  d e r iv e d  th u s  a re  m is l e a d in g . !
In  the  case  of  un iform  moving b ubb le s  i t  i s  s a f e  enough to  
f i lm  a t  h igh  v e l o c i t i e s  even i f  th e  bu b b le s  on ly  appear  on 
as low as two fram es .
With a of  say .032 f t ^ / s e c .  th e  a d d i t i o n  o.f
a i r  i n c r e a s e d  th e  v e l o c i t y  of  w ate r  from 6 .1 5  f t / s e c . ,  f o r  
th e  w ate r  a lone  i n  th e  p ip e ,  t o  a v a lu e  of 1 0 .4  f t / s e c . ,  
when th e  Q’ was .044 f t  / s e c .  For t h i s  the  v e l o c i t y  of  
a i r  i s  20 .6  f t / s e c . ,  n e a r l y  double th e  w ate r  v e l o c i t y .  The 
r a p i d  i n c r e a s e  i n  the v a lu e s  of  the  a i r  v e l o c i t i e s  i n d i c a t e  
th e  e f f o r t  t h a t  i s  produced by th e  a i r  to  e q u a l i z e  th e  
p r e s s u r e  drop f o r  th e  two p h ases .
At low of a mean va lue  .0108 f t  / s e c . ,  th e
a d d i t i o n  of a i r  i n c r e a s e d  th e  v e l o c i t y  of  w ate r  from 2 .17 
f t / s e c .  f o r  th e  w ate r  a lone  i n  th e  p ip e ,  t o  5*5 f t / s e c .  
where t h e  bubble  f low ceased  to  e x i s t .  Then f o r  th e  s lu g  
f low ,  th e  r e l a t i v e  v e l o c i t y  w i th  which th e  s lu g s  ro s e  up 
th e  p ip e  were found to  be h ig h e r  f o r  h ig h e r  a i r  r a t e s .
For a 0 ’ o f  .0143 f t ^ / s e c .  v = 2 .62  f t / s e c . ,  w h i l s t
wc l  . 3?
f o r  Q/ = .0415 f t ^ / s e c .  , v = -7.43 f t / s e c . This  i s  i n  .'a - r
d i s c re p a n c y  from what was e x p e c t e d : -  H a l l  (17)  found ,  i n  
a s t a t i c  column of  w a te r ,  t h a t  the  v e l o c i t y  of  a s u c c e s s io n  
of  s lu g s  does not  d i f f e r  m a t e r i a l l y  from t h a t  of  a s i n g l e  
s lu g .  Moreover, th e  v e l o c i t y  i s  in d ep en d en t  o f  th e  l e n g t h  
o f  t h e  s lu g  so t h a t  i t  shou ld  be expec ted  t h a t  th e  v e l o c i t y  
rem ain 's  c o n s ta n t  w i th  th e  v a r i a t i o n  o f  A /A . However, 
i n  a moving co lum n.of  w a te r ,  h i  was c o n f r o n te d  w i th  the
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same d i s c re p a n c y .  The f a c t  t h a t  v r  does not  i n c r e a s e
as  much as expec ted  when Q ^  d e c re a s e  means t h a t
and A /A i n c r e a s e  s im u l ta n e o u s ly  i n s t e a d  o f  th e  i d e a l
case  when A /A remains  c o n s t a n t .&
On th e  o th e r  hand, th e  h ig h e r  mean p r e s s u r e  of  th e  
h o r i z o n t a l  p ipe  l i m i t e d  th e  maximum Qf to  .0332 f t " / s e c  
f o r  which v ■ = 16 .3  f t / s e c .  and v . . « 10 .85  f t / s e c .a . w
The maximum v^ o b ta in e d  (19*35 f t / s e c . )  co r re sp o n d s  t o  a
t e s t  number 1?1,  a f t e r  which th e  l i q u i d  had th e  milky 
appearance  and no more f i lm i n g  was p o s s i b l e .  At a m ix tu re  
r a t i o  Qw /Q ' - 9*35 th e  r a t i o  of  v to  v i s  .987'
cA cl
t e n d in g  t o  u n i t y  a t  /Q '  « 13? which shows t h a t  the^ SL
a i r  bu b b le s  a t  t h i s  r a t i o  and over  a re  J u s t  moving w ith  
th e  same v e l o c i t y  of w a te r .
The q u i c k - c l o s i n g  v a lv e  t e s t s :. — TO.      , ,W.   —   -  
\
Measurements were t a k e n  f i r s t  on the  g a lv a n i s e d  p ipe
i n  o r d e r  to  have a means of  check ing  th e  s im ple  eq u a t io n s
d e r iv e d  f o r  d e te rm in in g  th e  r a t i o  A /A from th e  measured
i n e r t i a  p r e s s u r e s  ( see  Appendix I I I ) .  F in d in g  th e s e  to
ag re e  w i t h  th e  measured v a lu e s  o b ta in e d  by th e  use  of  th e
c in e -c a m e ra ,  t h e  method was a p p l i e d  to  th e  measurement o f
A /A i n  th e  case  o f  rough p ip e s .  As a check f o r  th e  t ime a
o f  c l o s u r e  of th e  v a lv e  a s e r i e s  of t e s t s  w i th  w a te r  on ly  
were c a r r i e d ,  g iv in g  v a l u e s  f o r  th e  i n e r t i a  p r e s s u r e  which 
agreed  w ith  th o s e  c a l c u l a t e d  from th e  i d e a l  e q u a t io n  f o r
HORIXV-. ROOG>W F>iPEL
n C ( 2 Z ) : Copy OF INDICATOR D/A 
\EPTT\CPU  G\RUN. P IP E
(£ + ') (s-r)
(71) ( \ Q > )
( 4 0 )
T 5 4 T
a/? or resT R.F»G924 71' 4rS 45 34
Qw ft*/s t t 0353 *032 •028 • 0 2 •0437
Q\ u *02.1 •ons •00875 •00241 •00249
gl/ q; 1-68 1*83 yav s-y l l m 8
Flow' r/flf SB SB t-V t - v t-v.
r a n  —
t  -t.= NNftTS-R TORaouCNT,
TsETF
N9 OF TEST R.PSIS I 3 5 21 2 T
Qw ft^ lssc o a •043*7 •0492 •0*92 0 3 2
q; •• *00 IS •Q lS2 •ooa^s •04OG 019T
Ow /Ql 2-aa 5 8 3 I 21 1-G2S
PLOVM t.V . t .v . t . v . t t t - t .
at
u  o
i
0 =
t 4 h
-  95 -
sudden v a lv e  c l o s u r e  : i n  l b / i n ?  = 63.4- v^ ( see
r e f e r e n c e  (1 )  p .  14-9).
F ig .  22 shows a copy Of a s e l e c t i o n  of i n d i c a t o r
c a rd s  f o r  d i f f e r e n t  d i s c h a r g e s  of  a i r  and w a te r .  In
T ab les  (1 2 ,1 5 ,2 3  and 26) a re  th e  p o i n t s  o f  th e  i n e r t i a
p r e s s u r e  t e s t s  f o r  th e  h o r i z o n t a l  and v e r t i c a l  g a lv a n i s e d
p i p e s .  The d e r iv e d  v a l u e s  of  A^/A a re  p l o t t e d  on F ig s .
(1 3 ,1 4 ,1 8  and 19) i n d i c a t i n g  c l e a r l y  th e  agreement o f  the
r e s u l t s  w i th  th o se  d e r iv e d  from c in e -cam era  t e s t s .  I n
Tab les  (1 8 ,2 0 ,2 8  and 30) a r e  shown th e  same r e s u l t s  f o r  the
h o r i z o n t a l  and v e r t i c a l  rough p ip e s .  The v a lu e s  of  A /Aa
a re  p l o t t e d  on F ig s .  (1 6 ,1 7 ,2 0  and 2 1 ) .  I t  must be mentioned 
t h a t  th e  maximum p r e s s u r e s  o b ta in e d  below a Q , , «  .02 f t / s e cUJ
were to o  sm all  to  be measured a c c u r a t e l y  and th e  r e s u l t s  a r e
only  f o r  th o s e  Q ^  .02 f t ^ / s e c .
I t  i s  i n t e r e s t i n g  t o  examine th e  e f f e c t  of th e
amount o f  a i r  p r e s e n t  i n  th e  p ipe  on th e  v a lu e  o f  th e
i n e r t i a  p r e s s u r e .  In  F ig .  (23)  i s  drawn t h e  Values  of  th e
maximum p r e s s u r e  "Pp" o b ta in e d  i n  th e  h o r i z o n t a l  g a lv a n i s e d
p ipe  w ith  th e  sudden c l o s u r e  o f  th e  v a lv e  v a  Q’ . f o r  •a
d i f f e r e n t  . I t  i s  s t r i k i n g  t h a t  r e s u l t  d e r iv e d  from
c u rv e s  t h a t  a v e ry  s t e e p  drop of ."Pp" accompanied w i th  
a v e ry  narrow v a r i a t i o n  i n  t h e  a i r  f low .  The s l i g h t e s t  
amount of  a i r  p r e s e n t  i n  th e  p ipe  a t  th e  moment of  v a lv e  
c l o s u r e  cau ses  a pronounced drop of  the  v a lu e  o f  " p . 11.x ci
A f t e r  t h i s  r a p id  v a r i a t i o n ,  a r a t h e r  s lo w er  r a t e  o f  change
t a k e s  p la c e  : th e  cu rv es  th e n  a r e  f l a t t e r  as  Q* i s
h i g h e r .  When the  cu rv es  g e t  f l a t t e r  a l i m i t  i s  r eached  
where th e  method used f o r  m easur ing  t h e  maximum p r e s s u r e  
w i l l  be i n a c c u r a t e .  A more s e n s i t i v e  way i s  to  be sea rch ed  
f o r .
Accompanied by th e  small  amounts of  a i r ,  a re  
o s c i l l a t i o n s  of  p r e s s u r e  t a k i n g  p la c e  a f t e r  v a lv e  c l o s u r e ,  a 
seen from F ig .  (22) i n  c o n t r a s t  w ith  the  n e a r l y  c o n s t a n t  
v a lu e  of t!r>V which c h a r a c t e r i s e  the  h ig h  O’ . These 
o s c i l l a t i o n s  may be due t o  th e  s p r in g y  a c t i o n  t h a t  i s  s t i l l  
r em ain ing  i n  th e  m ix tu r e ,  but  as  i n c r e a s e s  t h i s  e f f e c t
d e c r e a s e s  u n t i l  th e  t ime comes when a l l  the  energy  i s  
absorbed  i n  com press ing  th e  a i r  o n ly .  A cc o rd in g ly ,  no 
o s c i l l a t i o n  w i l l  t a k e  p la c e  and as  soon as  th e  w a te r  column 
comes to  r e s t  the  whole p ipe  i s  under  th e  s h u t - o f f  p r e s s u r e  - 
of  th e  pump. These o s c i l l a t i o n s  t h a t  a r e  accompanied by 
sm all  a i r  d i s c h a r g e s  might be used  as  a means of d e te rm in in g  
t h e  type  of f low i n d i c a t i n g  bubble  t . v .  f low .
The p r e s s u r e  d r o p :
Flow of w ate r  a l o n e :
In  o r d e r  to  p ro v id e  a g e n e ra l  check of t h e  t e s t  
equipment a s e r i e s  of  ru n s  were c a r r i e d  out  u s in g  w a te r  
a lo n e .  The p r e s s u r e  d rops  o b ta in e d  f o r  t h e  v a r i e t y  of  
p ip e s  used a r e  shown i n  d o t t e d  l i n e s  i n  F i g s . ( 3 1 ,3 2 ,3 3 ,3 4  
and 35) • F ig s .  (2 4 ,2 5 )  a r e  shown th e  f-R*j cu rv es  
f o r  th e  g l a s s ,  g a l v a n i s e d  and rough p i p e s ,  th e  p o i n t s  a r e
gL
<n d)

1
i n  T ab les  (31 and 32) .
I t  i s  a p p a re n t  t h a t  th e  r e s u l t s  f o r  th e  v e r t i c a l
g l a s s  p ine  do f a l l  c l o s e  to  th e  f a m i l i a r  f -R« curve
- n
f o r  smooth p ip e s .  Although th e  p o i n t s  f o r  th e  g a l v a n i s e d  
p ip e s  f a l l  a b i t  h ig h e r  th a n  th e  smooth c u rv e ,  y e t  th e s e  
might be c o n s id e r e d  a l s o  as smooth. For th e  rough p ip e s  
th e  curve  i n  th e  rough r e g io n  f a l l  c l o s e  to  th e  Karman
/IJ
well-known curve  ——— = 3*4-6 + 4- l o g ^  (“I f ’) *
Two-phase f lo w :
In  o rd e r  to  know the  e f f e c t  of th e  i n c r e a s i n g  d i s c h a rg e
of a i r  on th e  p r e s s u r e  l o s s  c h a r a c t e r i s i n g  t h i s  type  of
f low ,  ru n s  were made w ith  c o n s t a n t  Q ^  which f a l l  i n
x
the  range from about .01 to  . 055*ft / s e c .  The d i s c h a rg e  o f
x
f r e e  a i r  , ranged  from zero t o  about 0 .05  f t  / s e c . ,
which i s  the  maximum c a p a c i t y  of  th e  com presso r .  The r e s u l t s  
o f  t h e s e  p r e s s u r e  l o s s e s  a r e  p l o t t e d  i n  F ig s .  ( 2 6 ,2 7 ,2 8 ,2 9  
and 30) f o r  th e  d i f f e r e n t  ty p e s  and l a y o u t s  of  th e  p ip e s  
used and a re  shown i n  t a b u l a t e d  form i n  Tab les  (33»34-,35,36 
and 37)*
A p o in t  which a t t r a c t s  a t t e n t i o n  i s  th e  s c a t t e r  of  
th e  r e s u l t s  i n  case  of  th e  v e r t i c a l  g l a s s  and g a lv a n i s e d  
p ip e s  a t  low , though w ith  h ig h e r  , t h e  r e s u l t s
seem to  f a l l  c l o s e r  to  th e  c u rv e s .  This  s c a t t e r  i s  
a p p a r e n t l y  due t o  th e  f a c t  t h a t  a t  low d isch a rg es -  of  a i r  
and -water the  bubble  f low  t h a t  i s  t a k i n g  p la c e  i s  t h a t  
b u l l e t - s h a p e d  bubble  w i th  an o g iv a l  head .  These b u b b le s
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f low s u c c e s s i v e l y  s o . t h a t  a t  an i n s t a n t  t h e r e  i s  p a r t  of  
th e  c r o s s - s e c t i o n  a l l  occupied  w i th  w a te r .  The c o n s i d e r a t i o n  
i n  t h e  c a l c u l a t i o n  of  th e  d e n s i t y  of  t h e  m ix tu re ,  t h a t  th e  
a i r  i s  u n i fo rm ly  mixed w i th  w a te r ,  may be r e s p o n s i b l e  th e n
f o r  an o v e r e s t im a t io n  of  th e  p r e s s u r e  l o s s .  j
!
I t  must be mentioned t h a t  to  o b t a i n  r e l i a b l e  r e s u l t s  j 
i n  th e  ca se  o f  s e p a r a t e  f low th e  dep th  of  w ate r  i n  the p ip e  | 
d u r in g  th e  f low must be w el l  o f f  th e  c r i t i c a l ,  as  t h i s
might cause  an u n s te a d y  f low  c o n d i t i o n .  The d ep th s  of  w a te r  |
|
i n  th e s e  s e r i e s  of  t e s t s ,  as c a l c u l a t e d ,  were found to  be j 
below th e  c r i t i c a l  va lu e  ( see  Appendix I ) .
i
F ig s .  ( 3 ^ and 33) show t h e  v a r i a t i o n  of  th e  j
i
p r e s s u r e  drop  w i th  Q „ f o r  two c o n s t a n t  r a t e s  of  a i r
x
= .03 and .013 f  t v  sec .  t o g e t h e r  w i th  t h e  l o s s  f o r  an 
a l l - w a t e r  f low i n  th e  p ip e s  f o r  com par ison ,  A g la n ce  a t  the  
cu rv es  r e v e a l s  th e  f a c t  t h a t  th e  p r e s s u r e  l o s s  i s  p ro b a b ly  
a power f u n c t i o n  of when i s  a c o n s t a n t .  This
i s  c l e a r  from th e  t h e o r y  p r e s e n te d  t h a t  t h e  p a ram e te r
p r e s s u r e  drop "&Pip p" w i l l  v a ry  as  a f u n c t i o n  o f  ,,Qw " 
In  th e  ca se  of  s e p a r a t e  f low of th e  t . t .  t y p e ,  where
i s  a f u n c t i o n  o f  ( ^  <*/
Q'aon ly ,  as  th e  ca se  may b e ,  so t h a t
and R^ ) or  
f o r  a c o n s t a n t
q^ , dp^ and a re  c o n s t a n t s  and th e  two-phasea
i s  a f u n c t i o n  of  RAT . , which i n  t u r n  i s  a f u n c t i o n  of  
th e  ^ p Tip w i l l  s t i l l  be a f u n c t i o n  o f  on ly  a t  a
c o n s t a n t  QV .
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An exa ia ina t ion  of  P ig .  ( 3 i )  f o r  t h e  h o r i z o n t a l
*g a lv a n i s e d  p ipe  shows t h a t  f o r  a c o n s t a n t  O' = .03 f t ^ / s s ca
an i n c r e a s e  i n  th e  p r e s s u r e  l o s s  of  about 2 .23  t im es  t h a t
i f  w a te r  on ly  i s  f low ing  i n  th e  p ip e ,  took  p la c e  a t  a
m ix tu re  r a t i o  Q w /Q^ = 1. For a Qw /Q^ = .5 i . e .
a . 01$ f t ' V s e c . ,  a h ig h e r  p r e s s u r e  l o s s  r a t i o  of  2 .8
i s  ach iev e d .  On th e  o t h e r  hand, f o r  a c o n s t a n t  Qf =.01$’ ^a
f t  / s e c . ,  th e  v a l u e s  of t h i s  p r e s s u r e  l o s s  r a t i o  a t  Q * , / / /
a
=1 i s  2 , n e a r l y  th e  same as  t h a t  f o r  th e  c o n s t a n t  Q* = 
. 0$ f t  / s e c . ,  and a m ix tu re  r a t i o  of 1 ; w h i l s t  i t  i s  
= 1 .6$  f o r  a m ix tu re  r a t i o  of  2. 'This i s  t a b u l a t e d  th u s  :
Q' f t ^ / s e ccX Q f t ^ / s e c ,
d p  *
2l b / f t  /  
f t .
1 *
0l b / f t 2/  
f t  .
n /n *
/Af.dr.
.03
. 01$ 7 2 . $ .$ 2 .8  -
.03 21 9 .4 1 2.23
. 01$
. 01$ «=;s 2 .$ 1 2
.03 1$. $ 9 .4 2 1, 6$
( t h e s e  v a l u e s  a r e  t a k e n  from curve  P ig .  ( 3 1 ) )
A pparen t ly  t h e n ,  w i th  a p p l i c a t i o n  to  o t h e r  p ip e s  i n  th e  
same s e n s e ,  th e  r a t i o  o f  two-phase  p r e s s u r e  drop to  t h a t  - 
i f  w a te r  f low ing  a l o n e , i s  i n c r e a s i n g  w i th  th e  d e c r e a s e  of 
th e  m ix tu re  r a t i o .  This  t r e n d  of v a r i a t i o n  a g re e s  w e l l
w ith  M a r t i n e l l i ’ s r e s u l t s  t h a t  i J P r J %  i s  a _______
d e c re a s i n g  f u n c t i o n  w ith  th e  i n c r e a s e  i n  t h e  r a t i o
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( see  Appendix I I ) .
F ig .  (36) shows a t h r e e - d im e n s io n a l  p l o t t i n g  o f  the  
r e s u l t s  f o r  a l l  p ipes* T h e -p lo t  en a b le s  o n e . to  see c l e a r l y  
th e  r a p id  i n c r e a s e  i n  th e  two-phase p r e s s u r e  drop  w ith  th e  
i n c r e a s e  of  ’water  phase .  I t  i s  c l e a r  t h a t  th e  s u r f a c e  of 
th e  cu rv es  a re  f l a t  a t  low Q ^ and becomes more convex 
as  Qw i n c r e a s e s .  The l i m i t i n g  v a lu e s  f o r  th e  maximum 
.d i s c h a r g e s  o f  th e  pump and com pressor  d id  no t  a l low  
e x p lo r in g  a w ider  range so as t o  g e t  a b e t t e r  i d e a  about 
t h e  s u r f a c e  o f  th e  cu rv e .  N e v e r th e l e s s ,  i t  i s  expec ted  
t h a t  th e  h ig h e r  th e  Q w th e  more convex w i l l  be th e  
s u r f a c e  a t  low and i t  w i l l  become f a i r l y  f l a t t e r  a t
h ig h e r  Q^.
According to  the  t h e o r e t i c a l  h y p o th e s i s  p r e s e n t e d ,  th e  
p a ram e te r  ! d fz i s  c a l c u l a t e d  and p l o t t e d  f o r
d i f f e r e n t  m ix tu re  r a t i o s  i n  F ig .  (37)  th ro u g h  (-1-2), th e  
r e s u l t s  f a l l i n g  on f a i r l y  smooth cu rves*  For s e p a r a t e  f low 
i n  th e  h o r i z o n t a l  g a lv a n i s e d  p ip e ,  t h e  r e s u l t s  i n  F ig .  ( 3 7 ) ,  
hav ing  a mean v a lu e  of  th e  f u n c t i o n  G^  = .406 ,  a r e  compared 
w i th  th o s e  of  two o t h e r  i n v e s t i g a t o r s  : T ay lo r  ( 4 0 ) ,  who
performed h i s  t e s t s  on a h o r i z o n t a l  1 . 0 1 7 ” I*D. g l a s s  p ip e ,  
u s in g  ke rosene  and a i r  f o r  which th e  v a lu e  of th e  f u n c t i o n  
= .367 ; th e  c a l c u l a t e d  r e s u l t s  a r e  shown i n  Table (39)  • 
The o t h e r  i s  Johnson and Abou-Sabe ( 1 9 ) ,  who performed t h e i r  
t e s t s  on a h o r i z o n t a l  . 8 7 ” I . D . - b r a s s  p ip e  u s in g  w a te r  and 
a i r  f o r  which th e  v a lu e  of t h e  f u n c t io n  G^=.426, th e
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c a l c u l a t e d  r e s u l t s  a r e  shown i n  Table ( 4 0 ) .  The narrow 
range  o f  v a r i a t i o n  of  the  f u n c t i o n  G^. t h a t  i s  a v a i l a b l e  
a t  hand does not show c l e a r l y  t h a t  th e  pa ram e te r  
i s  a f u n c t i o n  of as  w e l l  as  Qw /Q^ , y e t  i t  cou ld  be
deduced from th e  f i g u r e  t h a t  a t  a c o n s t a n t  /Q^ th e
p a ra m e te r  in c re a se s  w i th  the. d e c re a s e  of the
v a lu e  of  t h e  f u n c t i o n  G^. The s l i g h t  s c a t t e r  i n  th e  p o in t  
o f  Johnson i s  due to  t a k i n g  a mean v a l u e  f o r  the. f u n c t i o n  
G^ j, t o g e t h e r  w ith  t h e  f a c t  t h a t  some of  h i s  p r e s s u r e  d rops  
were too  h ig h  to  p e rm i t  th e  c o n s i d e r a t i o n  of  th e  c o n d i t i o n  
t h a t  c o m p r e s s i b i l i t y  e f f e c t s  a r e  n e g l i g i b l e .
For s e p a r a t e  f low i n  t h e  h o r i z o n t a l  rough p ip e ,
F ig .  ( 3 8 ) ,  th e  p a ram e te r  f a r .  I  f a  i s  a f u n c t i o n  of  
(Q to /Q ^’ ^6  ^ aS &’iv e n  "ky e q u a t io n  (24) p .  36 where
%  = C16 r n ~ ' 125 and h e  = a c o n s t a n t -
The p a ram e te r  was drawn a g a i n s t  th e  m ix tu re  r a t i o
Q w /Q^ on ly  as  th e  range  o f  v a r i a t i o n  of  i s  s m a l l ,
126 ^ hence a mean va lue  f o r  RT/  i s  t a k e n  as 2 .78  (see
Table ( 4 1 ) ) ;  and a c c o r d in g ly  t h e  v a lu e  f o r  t h e  f u n c t i o n
G& = 0 .443 .
In  F ig .  (39) a re  shown, the  r e s u l t s  f o r  th e  v e r t i c a l  
g l a s s  and g a l v a n i s e d  p ip e s  i n  th e  ca se  of  bubble  t . t .  flow 
(and s lu g  f lo w ) .  With t h e  h e lp  o f  e q u a t io n  ( 4 1 ) , ( p , 6 5  ) ~ 
t h a t  th e  p a ra m e te r  ^ /^p  j as  a ^unc^ i ° n ana
-  th e  p o i n t s  f o r  th e  g l a s s  and g a l v a n i s e d  p ip e s  were drawn 
and found f a l l i n g  on th e  same curve  ; t h e i r  v a l u e s  of  th e
n  *3
5
a
f u n c t i o n  x ,  -  .028 \ c ; )  a r e  .87 and
.915 r e s p e c t i v e l y .  The r e s u l t s  when compared w i th  two
o th e r  i n v e s t i g a t o r s  showed good a g r e e m e n t . : -  For H a l l ’ s
( 1 7 ) *915" I .D .  v e r t i c a l  g l a s s  tube  w i th  a i r  and w a te r  as
th e  working f l u i d s ,  t h e  r e s u l t s  (which a re  g iv e n  i n  Table
( 4 4 ) ) ,  f a l l  c l o s e  t o  th e  c u rv e ,  h i s  v a lu e  of K. = .938 .
Johnson ( 1 9 ) ,  whose p ip e  was mentioned b e f o r e ,  had a va lue
f o r  K ~ .538 ,  th e  r e s u l t s  (which a r e  g iv en  i n  Table ( 4 3 ) ) ,
a re  s t i l l  i n  good agreement w i th  th e  p r e s e n t  i n v e s t i g a t i o n .
F ig .  (40)  shows th e  combined r e s u l t s  of  the
h o r i z o n t a l  g a l v a n i s e d  v e r t i c a l  g l a s s  and g a l v a n i s e d  p ip e s
' f o r  th e  bubble  t . v .  f low. The p ro p e r  v a lu e  of th e  f u n c t i o n
Kr, ( ^ 77^  ) ^ ^  i s  used f o r  each p ip e .  Curves ,  t h e n ,  
7 \
c o n s t a n t  Q w /Q^ were drawn o r  i n t e r p o l a t e d .  The
v a l u e s  of  d  f o r  two o t h e r  i n v e s t i g a t o r s  a re
c a l c u l a t e d  from t h i s  curve  (shown i n  t a b u l a t e d  form i n
Tab les  ( 4 9 ,5 0 ) )  : For p o i n t s  o f  Table ( 4 9 ) ,  T ay lo r  ( 2 8 ) ,
used  d i e s e l  f u e l  o i l  of yiA . = 1 .0 2  x 10~^ l b . s e c . / f t d  ,
" 53 .5  l b / f t ^  a t  a mean te m p e ra tu re  o f ,8 0 ° F ,  t o g e t h e r
w ith  a i r  as  the  second phase ,  i n  a 1 .017" I .D .  h o r i z o n t a l
g l a s s  p ip e .  Although h i s  Rv a r e  a l i t t l e  h ig h e r  than.
2
th e  c r i t i c a l  v a lu e  chosen  to  m a in ta in  v i s c o u s  f low of  a i r ,  
y e t  t h e  v a l u e s  o f  , when c a l c u l a t e d  on th e  b a s i s
of F ig .  (40)  ag reed  f a i r l y  w e l l  w i th  h i s  e x p e r im en ta l  
v a l u e s .  For H a l l  ( 1 7 ) , (whose p ip e  was mentioned b e f o r e )  
th e  e s t im a te d  v a l u e s  o f  th e  p r e s s u r e  d rops  were h ig h e r  th a n
gj
9
f l

h i s  e x p e r im e n ta l ly  de te rm ined  v a lu e s  ( see  Table ( 5 0 ) ) .
A g lance  a t  h i s  cu rv es  f o r  th e  p r e s s u r e  drop shows t h a t
h i s  e x p e r im e n ta l  v a l u e s  i n  t h i s  range  f a l l  below th e
f a i r l y  smooth c u rv e s  drawn th rough  th e  p o i n t s  o f  h i s  e n t i r e
scope of i n v e s t i g a t i o n .
F ig .  (4-1) shows th e  r e s u l t s  f o r  bubble  f low t . v .  f o r
b o th  h o r i z o n t a l  and v e r t i c a l  rough p ip e s  u s in g  th e  p ro p e r  
o  / P
v a lu e  of  K ^ (  ) ^  f o r  each p ip e ,  and th e n  the  cu rv es
of  c o n s t a n t  were drawn or i n t e r p o l a t e d .  Thesea
r e s u l t s  cou ld  no t  be p l o t t e d  on th e  same curve  of  the
smooth p ip e s  (F ig .  ( 4 0 ) )  as  th e  way of b eh a v io u r  of  the
p a ra m e te r  Jpr.r. i s  d i f f e r e n t  f o r  each c a s e .  The same
a p p l i e s  f o r  th e  s e p a r a t e  f low  i n  the  h o r i z o n t a l  p ip e .  ' In
..the case  of  bubble  t . t .  f low i n  t h e  v e r t i c a l  rough p ipe
, i 5 . ( « ) ,  t „ e  p « a „ , M  J f t  i s  ,  - u . ,  o r
( Q i V a ’ as  S iven by e q u a t io n  47, p. 68 where
K  = .0225 ( ) 2 . The p a ram e te r  was drawn
2
a g a i n s t  Q ^ / Q ’ only  as  th e  ran g e  of  v a r i a t i o n  of RT,
0 . ^
1 2 5  ^■was s m a l l ,  hence a mean v a lu e  of R ,/  ^ i s  t a k e n  as  2 .685
“ 2 .
( s e e  Table (5 3 ) )  and a c c o r d in g ly  th e  va lue  f o r  th e  f u n c t i o n  
f£ *= 1 .6 4 .  I t  i s  r e g r e t a b l e  t h a t  t h e r e  i s  no d a t a  f o r  
rough p ip e s  as  f a r  as th e  w r i t e r  knows, to  be compared w i th  
t h e s e  r e s u l t s ,  so as to  show the  v a l i d i t y  of t h e  t h e o ry  
p r e s e n t e d .
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A p p l ic a t i o n  o f  th e  t h e o ry  f o r  c a l c u l a t i n g  the  c i r c u l a t i o n
i n  w a te r  tu b e  b o i l e r s
The arrangement of  the  tu b e s  i n  w a te r  tube  b o i l e r s  
and th e  f i x i n g  o f  t h e i r  d imensions  i s  o f  g r e a t  im por tance  
i f  t h e  d e s ig n  of th e  p l a n t  i s  t o  be c a r r i e d  out s a t i s f a c t o r ­
i l y .  7/. Lewis and 8 . R ober tson  (26) e s t a b l i s h e d ,  as  a 
s t a n d a rd  of e x c e l l e n c e  w i th  which o t h e r  b o i l e r s  may be 
compared, a s imple b o i l e r  c o n s i s t i n g  of  a s i n g l e  drum and 
a s i n g l e  U - tu b e ,  as  shown i n  F ig .  ( 4 3 ) .  As i s  g iven  i n  . 
t h e i r  example, th e  h e a te d  s e c t i o n  i s  PR, FQ b e in g  th e  
s e n s i b l e  h e a t i n g  s t a g e ,  Q th e  p o in t  of  e v a p o r a t io n ,  QR 
th e  l a t e n t  h e a t i n g  s ta g e  and i n  th e  r e m a in in g ’ s t a g e  RS 
th e  d ry n ess  f r a c t i o n  rem ains  c o n s t a n t .  The v e l o c i t y  of 
c i r c u l a t i o n  i s  f i x e d  once th e  a v a i l a b l e  head and th e  
e x i s t i n g  r e s i s t a n c e s  come to  a s t a t e  of  b a l a n c e .
Of c o u r s e ,  th e  head a v a i l a b l e  i s  t h a t  due to  t h e  
d i f f e r e n c e  i n  d e n s i t i e s  of t h e  l i q u i d  and m ix tu re  i n  th e  
two l e g s  of  the  U -tube .  The r e s i s t a n c e s  a r e  composed of :
1. En try  and e x i t ,  l o s s e s .
2. F r i c t i o n a l  r e s i s t a n c e  t o  f low .
3. P re s s u re  drop p roduc ing  a c c e l e r a t i o n  a s  th e  w a te r  
e v a p o ra te s  i n t o  steam.
The crude  method by which Lewis and R ober tson  
performed t h e i r  c a l c u l a t i o n s  might r e s u l t  i n  a m is l e a d in g  
v a lu e  f o r  th e  v e l o c i t y  o f  c i r c u l a t i o n .  T h e i r  example i s  
th u s  r e c a l c u l a t e d  on the  b a s i s  o f  th e  t h e o r y  p r e s e n t e d
-  125 -  !i
:,;|j
■. IS 
1m  t h i s  t h e s i s .  ^
Owing to  th e  c o m p l ic a t io n s  of  t h e  problem, th e  ' !j
v e l o c i t y  i n  th e  downcomer i s  assumed to  have th e  v a lu e s  o f  |
v = 1 ,2  and 5 f t / s e c .  The a v a i l a b l e  head and th e  r e s i s t a n c e s !  
a r e  c a l c u l a t e d  f o r  th e s e  v e l o c i t i e s  and th e  r e q u i r e d  |
v e l d c i t y  de te rm ined  when th e  a v a i l a b l e  head i s  J u s t  s u f f i c -  : ;j
■ ■ ’
i e n t  f o r  overcoming th e  r e s i s t a n c e s .
A v a i la b le  h e a d :
As i s  shown i n  th e  example, t h e  p o s i t i o n  of  th e
p o in t  Q, i s  10 f t .  below R, i . e .  th e  two-phase  f low
s e c t i o n  i s  12 f t .  lo n g ,  W h i l s t  t h e  s i n g l e - p h a s e  f low one
i s  15 f t .  lo n g .  The fee d  w a te r  i s  a t  a t e m p e ra tu re  of
250°F and th e  p r e s s u r e  i n . t h e  drum i s  300 p s i a ,  f o r  which
th e  s a t u r a t i o n  te m p e ra tu re  i s  417»4°F : D ens i ty  of  w a te r
= 52.63 l b / f t ? ,  d e n s i t y  o f  steam Q  ^  = 0 .648  l b / f t ^
and the  l a t e n t  h e a t  = 815 .2  B .T h .U . / l b .
For a v e l o c i t y  of 3 f t / s e c .  i n  t h e  downcomer, t h e
1 23weight  of  w a te r  c i r c u l a t i n g / s e c  = 52.63 x --?j x  3 = 1 .3 4  l b .
I f  the  amount of  h e a t  added between Q and R = 5 4  B .T h .U /sec .
54•* amount of  steam ev ap o ra ted  = -g-■- .067 l b / s e c
d ry n ess  f r a c t i o n  a t  R = ‘^ ^ 4 = .05 = X
The d ry n ess  f r a c t i o n  i n c r e a s e s  u n i fo rm ly  from Q t o
R, so t h a t  a t  a p o s i t i o n  d i s t a n c e  x from Q, t h e  amount of
 ^ x
steam i s  W = .067 x — T0~ = •2)067 X  l b / s e c .
amount of w a te r  a t  t h a t  s e c t i o n  = 1 .3 4  —.0067x lb / s e c
r a t i o  of  amounts of  w a te r  and steam by volume
W»* 6 S -1.34 _ .0067* .. .648 2 .46r\ m m "/-) " •*• ~ v ~ « U I 41 p
s r w .0067 x 52.63 x
4 W .o 4 x 1 .3 4  x 12_____ ____PwT of w ate r  a t  R -  _  ,Ny, TTdg^u^ r r x . 1 . 2 5  X  32 x 27 .7  X  10-7
Rr  of a i r  a t  R =-------   = 4 x *067 x 12
J 2 . Tfdg
= 1 .8 5  x HO5 2
4 V
/ 5 77- x 1 .25  X 32 X 3 .566 X10~^
= 7-2 X / o 4  .
i . e .  a t  R th e  f low  i s  o f  t h e  t . t .  ty p e .
The p o in t  between Q and R where t h e  flow c e a s e s  to  be t . t .
2000 x 10 =.278 f t .  above
Q, which i s  a v e ry  s h o r t  d i s t a n c e . i n  which t h e  f low i s  of th e
t . v .  type  and i n  th e  t r a n s i e n t  r e g io n .
Weight of  column of  w a te r  i n  one l e g  o f  th e  U-tube
2= 10 x 52.63 = 526.3 l b / f t .  of th e  c r o s s - s e c t i o n .
For th e  weight of  the  12 f t .  column of m ix tu re  i n  
th e  o t h e r  l e g ,  the  p ipe  i s  go ing  to  be d iv id e d  i n t o  11 
s e c t i o n s  each  o f  1 f t .  from S, th e  t w e l f t h  p a r t  t o  Q i s
0 .722  f t .  i n  which t h e r e  i s  two-phase  f lo w ,  and th e  rem a in ing
0.278 f t .  i s  c o n s id e r e d ,  f o r  s i m p l i c i t y ,  t o  h a v e .w a te r  f lo w ­
in g  a l o n e ,  th e  e r r o r  e x i s t i n g  f o r  no t  t a k i n g  i t  as  t . v .  
f low  w i l l  be v e ry  s m a l l .  The r a t i o  Q^ /Q i s  d e te rm in ed  
a t  th e  m idpo in t  o f  each  s e c t i o n  and u s in g  th e  e q u a t io n
n f? _ 1a u _ h,.-Z--7T--------  ( e q u a t io n  (3^)  p. 6 2 )  th e  v a l u e s
T T “  KZ '+ 1
o f s Z and hence ,  the  weight o f  t h e  column, i s  c a l c u l a t e d  as  
i n  th e  fo l lo w in g  t a b l e :
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Summing up th e  v a lu e s  f o r  W of each  e lem en ta ry
s e c t i o n  g iv e s  th e  weight of QRS = 249 .4  l b / f t 2 of  th e
c r o s s - s e c t i o n .
head ca u s in g  f low =  = 5*26 f t .
92.63
The r e s i s t a n c e :
1. Entry  and e x i t  l o s s  This  i s  t a k en  to  be
- 1 . 5 #  = 0.21 f t£ x 32
2. F r i c t i o n a l  r e s i s t a n c e : -  For th e  13 f t .  long  s e c t i o n  
i n  which w ate r  on ly  i s  f low ing
l o s t  = 32 f lp r e s s u r-p £>
7T g
'N
f  the  c o e f f i c i e n t  of p ipe  f r i c t i o n  which i s  fo.r an
* 1 .83  x 10 i s  = .0051 f o r  c l e a n  s t e e l  p ip e s  
1
**• p re ss ,  l o s s  = 0.411 f t
The l o s s  i n  th e  rem a in ing  12 f t .  of  th e  U-tube 
having  m ix tu re  f low ,  i s  going  to  be e s t im a te d  by d i v i d i n g  
th e  p ipe  as was mentioned b d b re .
The p r e s s u r e  l o s s  d |3  i f  th e  steam i s  f low ing  
a lone  i n  t h e  e lem en ta ry  s e c t i o n  i s  c a l c u l a t e d  from the  
o r d i n a r y  Fanning fo rm ula  g iven  p r e v i o u s l y ,  th e  p a ra m e te r  
i s  t a k e n  from F ig .  (39) f o r  th e  p ro p e r  Qw /Q g 
and th u s  th e  f o r  each s e c t i o n  i s  c a l c u l a t e d  as
shown in  the  f o l lo w in g  t a b l e : -
Ta
bl
e 
(8
)
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Summing up th e  v a lu e s  f o r  M r .  f o r  th e  
e lem en ta ry  s e c t i o n s ,  th e  two-phase p r e s s u r e  drop  i n  QH 
i s  -  4-56.9 l b / f t 2 of c r o s s - s e c t i o n  » 8 .68  f t .
3. P r e s s u r e  l o s s  due to  a c c e l e r a t i o n :
I f  t h e  f low  i s  c o n s id e r e d  in c o m p re s s ib le  th e  s im p le s t  
method of  c a l c u l a t i n g  th e  p r e s s u r e  drop due to  a c c e l e r a t i o n  
!fdpa " i s  to  f i n d  th e  change i n  momentum/sec.
i . e .
A * <J/=> =  j r w  Vii J y i  I<J _  (wL -h l-Ss) v
a  t  *  2
where v w = v e l o c i t y  of  w a te r  phase .
v g = ” 1f steam "
and v ~ " " w a te r  i n  thedowncomer.
o r
d p  =  (Wu+Ws) F O - x )  x 1 _  / 7 x j _
V  L ,$//?( <3/ U g
For a v e l o c i t y  of  3 f t / s e c ,  X * *05 
A A
—  -  .261 - — ~ « .739 (from Table ( 7 ) )
A A
Ww + W = 1.34- l b / s e c
- d p  = 4-0.4 l b / f t 2 * .766 f t .» a
T o ta l  l o s s  = .21 + .411 + 8 .68  + .766 
= 10 .067 f t .
I n  th e  same way, t h e  a v a i l a b l e  head and th e  
r e s i s t a n c e s  f o r  th e  o th e r  two v e l o c i t i e s ,  namely v = 1 
and 2 f t / s e c , ,  a r e  c a l c u l a t e d  and th e  r e s u l t s  shown i n  
th e  f o l lo w in g  t a b l e : -
Table ( 9 )
v f t / s e c 1 2 3
a v a i l a b l e  head f t 7 .2 4 6 .13 5 .26
e n t r y  and e x i t  
l o s s  f t . .023 - .92% .093 = 1 . 58% .21 = 1.99%
f r i c t i o n  l o s s  f t . 2 .279 =91.2% >331 = 9 0 . 8% 9.091 = 90.4%
,Ac c e l  e r a t  io n  " " .196 =7 . 88% .447 = 7.62% .766 = 7.61%
T o ta l  l o s s  H 2.498 =100% 5.871 = 100% 10.067 = 100%
Drawing a curve  of b o th  a v a i l a b l e  head and t o t a l  
l o s s  a g a i n s t  v (F ig .  (43c)  th e  p o in t  o f  i n t e r s e c t i o n  "O" 
of t h e  two cu rv es  g iv e s  th e  r e q u i r e d  v a lu e  of  v = 2 .05  
f t / s e c .  and the  amount of w a te r  c i r c u l a t i n g / s e c  = 0 .9  l b .  
Lewis and Robertson  v a l u e s  a r e :  v « 5 .3  f t / s e c  and the
c i r c u l a t i o n  = 2 .4  l b / s e c .  The l o s s e s  be ing  as f o l lo w s  :~ 
e n t r a n c e  & e x i t  l o s s e s  = .66 f t  = 8 .6  %
F r i c t i o n  l o s s  = 3*64 f t  = 58 .7  %
A c c e l e r a t i o n  head l o s s  = 1 . 9  Ft = 30 .7  %
T o ta l  l o s s  = head a v a i l a b l e  = 6 .2  f t = 100 %
Conclusion :
Experiments  have been conducted  f o r  t h e  d e t e r m in a t i o n  
of th e  f r a c t i o n  o f  p ipe  a r e a  f i l l e d  w i th  a i r  and th e  f r i c t i o n !  
l o s s  f o r  th e  f low of  m ix tu re  of a i r  and w a te r  i n  a v e r t i c a l  j
Ii
g l a s s  p ip e ,  a h o r i z o n t a l  and v e r t i c a l  g a l v a n i s e d  p ip e  and S 
a h o r i z o n t a l  and v e r t i c a l  rough p ipe  ( 3 38 .0282) of  ;
ap p ro x im a te ly  1 ” i n s i d e  d ia m e te r .
For th e  f o u r  p o s s i b l e  flow co m b in a t io n s ,  e q u a t io n s  
have been d e r iv e d  r e l a t i n g  th e  m ix tu re  r a t i o  Qa,/Q^ w i th  [
th e  f r a c t i o n  o f - p i p e  a r e a  f i l l e d  w i th  a i r  f o r  s e p a r a t e  j
f
and bubble  f low s .  These eq u a t io n s  in v o lv ed  c o n s t a n t s  which | 
were de te rm in ed  e x p e r i m e n ta l l y  f o r  two ty p e s  of f lo w ,  namely j 
th e  t . t .  and t . v .  f lo w s .  ( t . t .  = w a te r  f low ing  t u r b u l e n t l y ,  | 
a i r  b e in g  t u r b u l e n t  too  and t . v ,  = w a te r  f low ing  t u r b u l e n t l y  
w h i l s t  a i r  has  v i s c o u s  f lo w ) .
.Curves a re  p r e s e n te d  f o r  the  p r e d i c t i o n  of  th e  
p r e s s u r e  drop f o r  s e p a r a t e  t . t .  f low  i n  h o r i z o n t a l  p i p e s ,  
bubb le  t . v .  i n  b o th  h o r i z o n t a l  and v e r t i c a l  p ip e s  and
i
bubble  t . t .  and s lu g  f low  i n  v e r t i c a l  p i p e s .  f
The n e c e s s i t y  f o r  o b t a i n i n g  d a t a  such a s  has  been  |
i
a t te m p te d  i n  t h i s  r e s e a r c h *a r o s e  out of  the  d i f f i c u l t y  |
i n  t r y i n g  to  p r e d i c t  th e  r a t e  of  f low i n  th e  tu b e s  o f  a j
w a te r - tu b e  b o i l e r  and a comparison i s  g iven  between the^ . j
-  J
c a l c u l a t i o n  f o r  a  Lewis B o i l e r ,  as  g iven  by r e f e r e n c e  (26) j
!
and th o s e  based  on :t h i s .  r e s e a r c h .  |
j
The new method which i s  p r e s e n t e d  f o r  m easur ing  th e  . j
f r a c t i o n  o f  p ipe  a r e a  f i l l e d  w i th  a i r  ( u s in g  th e  i n e r t i a  
p r e s s u r e s  due to  sudden c l o s u r e  o f  a v a l v e )  when compared 
w i th  t h e  pho to g rap h ic  t e ch n iq u e  gave r e s u l t s  which showed 
e x c e l l e n t  agreement .
TABLES
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Table (10)
H orizontal G alvanised P ipe. -
Fraction of pipe area f i l l e d  with a ir  in case of separate t . t .  flow. 
Table to  check the v a lid ity  of the equation :
Qu G
Q’a
where G ~ = G
F, (z)
W « ; ' m
and Gy i s  a constant = 1.668 as determined experimentally
mean value o f \ ) _ 0.708
No. of test Q* q» /q; %,
•7 08 F, (z)
*-
4 / a
, /r fv t....
Z
R.P.2412 , 044 .02  36 1.86 5.75 .378 .203 3.4 .294
C.T. 201 .032 .0249 1.285 3.86 0.387 0.301 2.8 ..357
R.P.2017 .0217 .021 1.032 2.84 0.396 0.383 2.53 .396
C.T. 131 .02 .0381 .525 2.22 0 .4 0.763 1.945 .515
C.T. 226 .02 , .0306 .654 2.62 0.398 0.608 2.08 .481
P.P. 205 .0141 .0438 .322 1.85 0.404 1.255 1.655 .605
R.P.1916 .0144 .0356 . 404 1.88 0.404 1.0 1.78 • 562
C.T. 236 .01057 .0344 .308 1.38 0.409 1.33 1.63 .614
C.T. 235 .01057 .0228 .463 1.38 0.409 0.884 1.863 .536
R.P.3511 .0104 .0435 • .243 1.38 0.409 1.685 1.525 .657
R.P. 354 .0104 .0117 .888 1.17 0.414 0.466 2.41 .415
*■
From F ig .13*
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Table (11)
Camera T ests; H orizontal Galvanised Pipe : Separate t . t .  Flow*
Values of measured air v e lo c it ie s . Determination of fraction of
QVpipe area f i l l e d  with a ir  for different _____
fiio • o f  tat
ft*/S'C,
Q &
Ft3/sc c,
«'a Q"/Q ’a
ft/sec,
Va
*
V A
R/iec.
K Vu/vi.
C.T.
23-6 .01057 .0344 .308 12 .625 6.18 1.945
23-7 .0104 .0435 .287 14.4 .618 6.72 2.145
13-1 .02 ,0381 .525 15.5 .538 9.48 1 • 64
23-5 .01057 .0228 • 463 9.3 .536 5 1.86
24-5 .0143 .0297 •48 13.8 .4-7 5*9 2.34
22-6 .02 .0306 .654 14.45 .464 8.16 1.77
15-2 .02 .023 .87 10.9 .462 8 .1 3 1.34 ,
17-4 .0275 .0332 .828 16 .3 .446 10.85 1.5
22-5 .02 .0218 .917 11.15 .428 7* 66 1.455
17-3 .032 .032 1 18.1 .386 11.43 1.585
20-2 .032 .0275 1.16 15.5 .373 11.4 1.36
21 -1 .0275 .0268 1.025 15.9 .369 9.53 1 • 666
20-1 .032 .0249 1.285 15.5 .351 10.8 1.435
19-2 .0388 .0266 1.46 17.2 .339 12.85 1.338
17-1 .0435 .0282 1.545 15.35 .319 14 1.382
21 -3 .0275 .0166 1 • 66 12 .302 8.62 1.39
22-4 .02 .0111 1.8 8 ,17 .297 6.23 1.313
19-1 .0388 .02 1.94 15.5 .282
____
11.85 1.307 
L_______ L
A A
Note that — ^ = 1
A A
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Table (12)
H orizontal Galvanised P ipe ; Separate t . t .  Plow,
Q
Fraction of pipe area f i l l e d  with a ir  for d ifferent u
Q*
(in er tia  pressure t e s t s ) .
No.- of 
Test
ft3/s<c-
Q
//%**.
Q’ a P, psia psia V q«, ~ a V a V a
R.P.50
59 ,0388 .0188 23 .8 25.95 2.06 .723 .277
5 .0437 .0223 25.5 28.3 1.96 .719 .281
55 • 02 .0185 20.3 20.8 1.84 . 695 .305
1 .0437 .0287 25.8 28.3 1.52 . 68 .32
7 .032 .0266 22.4 23.6 1.2 .628 .372
4 .032 .0314 23.4 24.5 1.02 ,589 .411
19 .028 .0318 . 22.3 23.13 .88 .569 .431
54 .019 .026 20.4 20.8 .73 .54 •46
55 .02 .0365 20.4 20.8 .55 .465 .535
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Table (13)
H orizon ta l G alvanised P ipe.
Fraction of pipe area f i l l e d  with a ir  in case of bubble t .v .  flow. 
Table to  check the v a lid ity  of the equation :
and K i s  a constant = 1.635 x 10 as determined experimentally.
mean y'ului of K-j = S. 6SX ZO~*
No. of 
Test v Q.a f i l l.lb lfrL/ff\
V 2
------ "Hr— ... ■
I
* Z A / a/ A €>
2218 3.17 15*35 16, 57xio‘ 0.93*io3 • 884 4.76 .21 -
214 4 * 06 5.8 10.6 .766 .723 5.58 .1725 X
2 .^6 4.37 26.55 28,6 1.175 1.118 6.16 .1625 -
1714 5.7 2.24 2.42 .406 .386 7 .02 .142 X
374 6 .9 16 .2 19.65 1 .95 8 .6 .1162 X
2214 10.58 13 14.03 .867 .825 12.3 .0813 X
212 15.1 9.8 10.6 .77 .731 16.72 .0598 X
2611 18.5 24.35 26.25 1.14 1.08 20.5 .0488 X
X t . v .
-  in  th e tr a n s it io n  reg ion  i . e .  1000 2000
Table (14)
Camera T ests  : .H orizontal G alvanised Pipe' : Bubble t . v .  Flow.
Values of measured a ir  ve loc ity . Determination of fraction of 
pipe area f i l l e d  with a ir  for different
Ho. of fast
f t  Vice .  
Q
H ' / X C '
Q1a vV q‘a
f t / s e c
K *V A
ft/scC
X
-------- - --------
C.T,
22-1 .02 .00136 14.7 4 .6 4 .064 4 .6 4 1
21-4 .0275 .00203 13.4 6.45 .0695 6.45 1
32-6 .013 ..0012 10.8 3.14 .0835 3.1 1.013
15-4 .02 .00214 9.35 4 .9 .0956 4 .8 4 1.015
32-5 .0121 .0013 8.06 3.1 .106 2 .96 1.048
22-2 .02 .003 6.66 5.34 .123 5 1.068
18-2 .0388 .00647 6 11.15 .127 9.72 1.145
24-3 .0143 .00315 4.55 4.14 .166 3.75 1.105
22-3 .0216 .006 3.6 6.88 .19 5.84 1.178
23-2 .0104 ♦ 00415 2.5 3.68 .245 3.02 1.22
33~4 .0236 .0123 2.08 9.88 .274 7.72 1.28
22-4 .02 .0111 1.8 8 .17 .297 6.23 1.313
21-3 .0275 .0166 1.66 12 .282 8.62 1 • 39
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Table (15)
H orizontal G alvanised Pine : Bubble t . v .  Flow,
Fraction of pipe area f i l l e d  with a ir  for different 
Inertia  pressure te s t s .
No. of 
Test
Q!
. . .
f t psia psia
'V a
^ u> /
/ k 1 
. 
! 
p
>
>
R.P. 50 
41 .0538 .0069 27.7 39.1 7.8 .906 .094
44 .0538 .00515 27.5 40.5 10.5 .915 .085
42 .0538 .00413 27.4 41.9 13 . 923 . .077
43 .0538 .00353 27.4 43.7 15.25 .929 .071
47 ♦ 0492 .0173 27.4 31.6 2.84 .779 .221
50 .0492 .00705 26. 34.4 7 .895 .105
51 .0492 .00414 25.4 38.1 11.9 .927 .073
52 .0492 .00312 25.4 40.9 15.8 .939 .061
16 .0437 .018 25.5 28.3 2.43 .759 .241
33 .0437 .0138 25.1 28.7 3.17 .802 .198
32 .0437 .0133 25.1 28.3 3.28 .781 .218
17 .0437 .0113 24.7 28.3 3.87 .802 .198
34 .0437 .00805 24.3 28.7 5.44 ♦ 844 .156
37 .0437 .00492 24.3 30.7 8.9 .895 .105
38 .0437 .00365 24.3 33.5 12 .924 .076
. . 40 .0437 .00225 24.3 37.7 19.4 .946 .054
: 59 .0388 • .0188 23.8 25.95 2.06 .723 .277
61 .0388 .0084 22.7 26 4 .62 .836 .164
63 .0388 .00113 22.5 39.5 34.3 .965 .035
10 .032 .0106 21.7 23.14 3.02 .766 .234
11. .032 .00663 21.5 24 4.82 .863 .137
13 .032 .00127 21.4 31.1 25.2 .961 .039
27 .028 ' .0054 21.5 23.7 5.18 .877 .123
: 29 .028 .00106 21.3 30.7 26.4 .974 .026
58
!
.02 .00149 20.1 21.7 13.4 .919 .081
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Table (16)
Horizontal Pine.
L'he functions (Z) and F (z)
F,(Z) = a1-71V 5 8 C*714
P (Z) = a1*5 0 ' 5 O' 625
0 * a * ’ c * z * F, (Z) Ftf (Z)
1 .2 2.625 0.348 1.38J 2 .78 2.64
1.4 1.545 0.367 1.650 1.29 1.442
1 .6 O.926 0.385 2.08 0 .612 0.797
1.8 0.555 0.431 2 .8 0.295 0.441
2 0 .320 0.486 4 .1 2 0.147 0.231
*
„ 2 (rr- 0 ) + sin  2 0
a Aw 2 0  -  sinz0
0  a -
&
d a 1
0 = p + e C77"- 0 ) + sin  0*
A 27T
2  —   ~  - - ■ r -----
Aa 2 (77 -  0) + sin  2 0
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Table (17)
H orizontal Rough Pipe.
Fraction of pipe area f i l l e d  v/ith a ir  in case of separate t . t ,  
flew. Table to  check the v a lid ity  of the equation :
Q’a Fg(Z)
/p ' \  - - U S '
where Gg = C,<
and . C i s  a constant = 31.6 as determined experimentally.
r
mean value of C z v  ^ I = 1 ,07
* < &
I! 
^
..................i
//V ice
Qfa V P.4 a RN2
~/2ff
/.*7
*
F6 (2) Z V a
.02 • 0333 .6 4500 0.3745 0.624 2.38 .42
.024 • 03 .8 4060 0.378 0.473 2.68 .373
.028 .028 1 .0 3800 0.383 • 0.383 3.1
CMCM.
.028 .0233 1 .2 3160 0.39 0.325 3-46 • 294
.028 ♦ o —V -"J 1.6 2140 .41 .2  36 3.84 .26
CMO. .016 2 2000 •416 .208 4 .1 6 .24
- 1 4 2 -
Table (18) 
kH orizontal Rough P ipe ( T  -  .0282); Separate t . t .  flow ,
Q
Fraction of pipe area f i l l e d  with a ir for d ifferent *
Q*/ \ £t(In ertia  Pressure te s t s ; .
No. of 
Test •//■’Aec
q'* ft
f t ' / m
P/
^0 «*/ yo s i ft
Q v / q ,
a
A / w /
/ a
-----------—
A* / a
P.P. 69 
71 .032 .0175 22.4 24.1 1.83 .747 .253
24 .0353 .021 23 §5 1.68 .741 .259
67 .028 .018 21.9 "23.14 1.563 .743 .257
25 .032 .0236 23 24.55 1.355 .71 .29
37 .024 .0196 20.9 21.72 ’ 1.223 .709 .291
68 .028 .0255 22 23.15 1.11 .695 .305
36 .024 .0253 21 21.72 .94 .634 .366
57 .024 .0269 21 21.72 .89 • 631 .349
61 .02 .0283 20.1 20.6 .705 .609 .391
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Table (19)
H orizontal Kou&h Pipe* ,
Fraction of pipe area f i l l e d  with s ir  in case of bubble flow 
( t .v . )  Table to  check the v a lid ity  of the equation :
Q
Q1a
and K i s  a
Z -  1
K5 z - 1 + 1
where Kc = K
^  *3 x ,
constant = *574 x 10~^ as determined experiment ally-
mean value of K13 3.46 x 10
-3
No. of 
Test Q»/q;
( p L
2V
rt
(ft/sec)Z ■xs
Z Aa/A
549 2.L2 7 .16 7.55X10* 1 .94XJ03 6.71 6.08 .164
584 3.15 27 .2 28.6 3.78 13.1 8.82 .114
603 3* 64 20 .2 21.3 3.27 11.3 9 .12 .11
613 5 .22 45.6 48 4.9 17 13 . 0 -vj -'•J
597 6 .3 30.1 31.7 4 13.85 13.65 .0733
581 6.8 v 22.9 24.1 3.47 12 13.75 .0727
613 9.62 41.4 43.6 4.68 16 .2 18 .9 .053
598 11.3 27.9 29.4 3.84 13.3 19.85 .0504
612 12.2 40 42.1 4* 6 15.9- 22 .0454
611 18.5 38.6 40.6 4.51 15.6 29.3 .0341
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Table (20)
H orizontal rough pipe (k /d  = .0282): Bubble t .v .  Flow
Experimental points for the fraction of pipe area f i l l e d  with air  for
different ----  (Inertia  pressure t e s t s ) .
Q»
a
No. of 
Test
Q „ f t 3/
sec.
Q* f t 3 /  
a see.
pi
psia
P2
psia
Q«/Q'
a
Aw^ /A
A
RP69
34 *0437 ,00249 25 44*7 17.6 .957 .043
3 .0388 .0122 23 .8 28.8 3.18 .882 .118
4 H *0087 23.8 29.7 4 .46 .9 0.1
8 » .00432 23.3 32.5 9 .933 .067
5 rt .00312 23.3 34.9 12.4 .949 .051
7 n . .00188 23.25 40 20.6 .96 .0 4
32 *0353 .006 21.9 27 .8 5.9 .919 .081
21 ft .00472 21.7 30.7 7.47 .934 • 066
22 r» .00184 21.5 37.2 19.2 .966 .034
Id .032 .014 22.5 2 5 . a n • 183
30 •03i/L .00577 21.6 25.95 5.55 .912 .088
32 rt .0024 21.3 28.8 13.3 • VO -FT .053
66 . 0 2 0 .0129 21,5 23.15 2 .17 .803 .197
14 tt .0038 20.8 24.1 7.37 .913 .087
16 ft .00256 20.8 - 25.5, 10.9 .938 .062
15 « .00131 20.8 28.8 2 1 .4 .961 .039
42 .024 .00204 20.3 24.1 11 .8 .946 .054
43 tt .00173 20,3 25 13.9 .956 .044
GS • 0 2 • 0 0 2 4 / .19-S’ 2 2 > 2 8-1 •941 057r-" ■ I M. 1 .... W.IW.IW. «
-  1 4 - 5  ~
Table (21)
V e r t ic a l G lass Pipe
Fraction of pipe area f i l l e d  with a ir  in case of t . t .  bubble flow. 
Table to check the v a lid ity  of the equation :
q w Z -  1
■ k ;  =-5 / , ‘ .  1 
• “ »  K ■ K, (I) '(Jig)'
K is  a constant = .028 as determined experimentally
mean value of K - 0 . 8 7  1
V A z 75 /l4 , 8 7 / z ^ Uh Qu / Va
.2 5 1.778 .492 2.67
.25 4 1.64 .53 1.96
.3 3.33 1.537 .566 1.485
.333 3 1.28 *68 1.19
.4 2.5 1.155 .754 .8 55
.5 ■ 2 1 .87 .535
.6 1.666 0.8648 1.003 .333
.65 1.538 0.8 1.09 .257
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Table (22)
■ Camera te s ts  : V ertleal g lass pipe ? Bubble t . t ,  flow
Values of measured air v e lo c it ie s . Determination of fraction of pipe 
area f i l l e d  with a ir  for different ,
No. of 
Test
f^^/seo
Qto
f t  3/sec
Q!
a Qw/Q'a
ft /s e c
Va
*
A /Aa
ft /s e c
v /v wa
C.T
29-3 .028 .01 2 .8 9.62 .2 6 .72 1.432
31-3 .0388 .0177 2.19 13.8 .245 9.88 1.397
27-3 .01495 • 00826 1.81 6 .2 .255 3.84 1.615
2 8-3 .02 .0124 1.61 8 .6 .276 5.3 1.62 3
26-1 .01047 .00763 1.37 4.82 .305 2.89 1.667
30-4 .032 .0254 - 1.26 15 .326 9.4 1.595
2 6-2 .01077 .0092 1.17 5 .16 .342 3.14 1.643
2 9-4 .028 .03 .934 15.5 .372 8.56 1.81
26-3 .01107 .0143 • 773 6.36 .431 3.74 1.7
30-3 .032 .044 .727 20.6 .41 10.4 1.98
28-4 .02 .0328 .61 13.75 .457 7.06 1.95
28-5 .02 .0512 .39 > 17.9 .55 8.55 2.093
27-7 .0143 .0415 .345 15*75 .578 6 .5 2 .12
2 6-6 .01077 .034.6 .311 11.4 .592 5.04 2.26
26-7 .01097 .0415 .264 
— .
12.9 .617 5.47 2.36
-  1 4 7  -
T a b l e  ( 2 3 )
V ertical galvanised pipe : Bubble t . t .  flow
Q
Fraction of pipe area f i l l e d  with a ir  for different  (in ertia
Qapressure te s ts )
No. of 
Test
Ft3 / g e o  | ft-2/sec I
Q*a
psia
P*
1
psia
P
2
Qw/Q*a
A u/A a »/aa
R.P. 51 
' 33 .0492 .019 17.2 23.8 2.59 .808 .  192
29 .032 *0139 16.6 22.2 2.3 .798 .202
28 .032 .0162 16.65 22,2 1.97 .77 .23
2? .032 .0197 16.65 22.2 1.625 .732 .268 }
15 .0437 .0283 17 25.5 1.545 .68 .32
3 .0388 .0277 16*8 23.6 1.4 .68 .32
26 .032 .0246 16.63 0 0  0 1.3 .72 .28
21 .0492 .0406 17*3 28.3 1.21 .674 .326
14 .0437 .0363 17 25.95 1.2 .645 .355
2 .0388 .0365 16.8 24.57 1.06 .678 .322
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Table (24)
V e r tica l Glass P ipe
Fraction of pipe area f i l l e d  with air in case of bubble t .v .  flow. 
Table to check the v a lid ity  of the equation:
•  K7 f e )
and is  a constant ~ 3 d 2  x 10  ^ as determined experimentally
mean value ..of K -  0.21 x 10*"^
7 l y U  J
No. of 
Test
Qw
0*“a
^ p /a i
ib / f t 2/
f t
V2v*
f t^ /s e c ^ ( #
.2/ X/O2
Z
A /A  a $
3013 2.72 18.25 19.05x10~2 • 882x10^ 1.855 4.77 .209
289 3.42 4 0 .8 42.6 1.24 2.6 5.92 .169 ~
335 4.18 33.2 34.65 1.14 2.39 6.67 .15 —
3114 4 .4 21.35 22.3 .943 1.98 6.7 .149 X
3211 4.55 2 7 .4 28.6 1.053 2.21 7 .143 X
276 4* 8 41 .7 43.6 1.26 2.645 7.49 .1335
278 6.8 40 41.8 1.235 2.59 9.63 .104 X
2813 7.3 36.7 38.3' 1.19 2.5 10.1 .099 X
3117 10.2 20 20.9 .918 1.93 12.73 .0785 X
2817 12.55 34.4 35.9 1.155 2.43 15.52 .0645 X
3221 15.65 25.6 26.7 1.02 2.14 18.42 .0543 X
2710 
L- .... .
22.3 37.75 39.4 1.205 2.53 2 3 .4 .0394 X
x t .v .  flow
in the tran sition  region 1000 ^ K n ^  2000
2
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Camera te s ts  : V ertical g lass pipe : Bubble t.v* flow
Values of measured a ir  v e lo c it ie s . Detemination of fraction of pipe
area f i l l e d  with a ir  for different Qw/Q* *a
No. of 
Test j
Q w f t* /
sec
t t ?
feed Q" /Qa
va f t /  
sec
A /A a f t /sec
v 7 v  ,a
C.T.
29-1 .028 .00177 15.7 6 .02 .0565 5.7 1.057
30-1 .032 .00225 14.2 6 .88 .0628 6.55 1.05
32-4 .0195 .00155 12.5 4.38 • 068 4 .0 2 1.093
33-2 .0437 .00407 10.75 10.3 .0758 9.1 1.13
32-2 .0171
00* 10 3.96 .0826 3.58 1.107
28-1 .02 .00229 9.15 5.16 .0852 4.2 1.23
29-2 .028 .00333 8.4 6.45 .099 5.95 1.085
32-3 .0187 .00264 7.1 5 .1015 4 1.25
27-1 .0148 .0022*4 6.05 3.95 .1185 3.22 1.227
30-2 .032 .00574 5.57 9.46 .125 7.02 1.348
33-3 .0437 .00836 5.23 12 .134 9.7 1.238
32-1 .013 ♦ 00281 4.62 3.87 .1392 2.91 1.33
N“\1o .032 .00905 3.53 10.3 .169 7 .4 1.391
28-2 .02 .00597 3.35 6.7 .171 4.63 1.2*48
27-2 .0151 *00497 3.03 5.16 .183 3.56 1.45
31-3 .0388 .0177 2.19 13.8 .245 9.88 1.397
*Note that AJ k  + Aw/A = 1
-  1 5 0  -
Table (26)
V e r t ic a l ga lvan ised  p ip e: bubble t . v ,  flow  :
Fraction of pipe area f i l le d  with a ir  for different Q^/Q* (in ertia
SL
pressure te s t s ) .
No. of 
Test
Qw n 3/
sec
Qf f t ^  
a sec
p(psia p^psia q*/q*a a 'wA A'/Aa
P.P. 51 
20 ► 0437 .00244 16.85 38.1 17-9 .942 .058
8 .0388 .0025 16.8 30.7 15.5 .933 .067
57 .02 .0016 16.35 2 1 .3 12.9 .931 .069
19 • 0437 .004 16.85 32.5 10.9 • .924 .076
7 ' .0388 .0043 16.8 27.8 9.03 .927 .073
18 • 0437 .0065 16.85 28.8 6.74 .907 • 093
35 .0492 .00845 17.05 31.6 5.83 .884 .116
30 .032 • .006 16.6 22.66 4.85 .865 .135
17 • 0437 .0108 16.9 25.95 4.04 .842 .158
34 .0492 • 0155 17.2 28.8 3.17 .799 .201
16 .0437 .0152 16.9 25.5 2.88 .805 .195
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Table (27)
V ertica l r ou^h p ip e :
Fraction of pipe area f i l le d  with air in the oa.se of bubble t . t .  flow. 
Table to check the va lid ity  of the equation
where
Q
q ',
Z -  1
JC = K6 14
2 -5 /14 ♦ 1
!*r . _
and K is  a constant = .0228 as determined experimentally
mean value of K
14 m m ' •«
No. o f  
T e s t
eM f t 3/
s e c
Q »  f t 3 /  
a  s e c
( M , Q w / Q 'a
%
§ 
!
Z A /A  a'
67-4 .0353 .01275 42.2 2.77 3.36 2.295 6*9 .145
68—8 .0388 • o ~n1 00 54.4 2.18 3.42 2.34 5.82 .172
66-6
CMK\
O
• .0164 33.6 1.95 3.3 2.255 5.41 .185
65-7 .028 .018 27-9 1.56 3.26 2.225 4.61 .217
64-9 .024 .0239 25 1 3.22 2 .2 3.42 .292
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Table (28)
V ertica l rou&h pipe: bubble t . t .  flow:
Fraction of pipe area f i l le d  tvith a ir  for d ifferen t Qw/ / q* « (in ertia  
px-cssure te s ts )  •
" *.. .
Ho, of 
Test
f t^ /s e c
Qw
ft*V 3ec
Qfa
psia
p *
‘ 1
psia
P2
a AL/A A'/Aa
R.P. 70 
17 .0308 .01 1$ 17.35 25.95 2.63 .831 .169
25 .028 .0117 16.7 21.73 2.39 ..854 .146
2 .032 .015 16.95 22.25 2.13 .824 .176
27 .028 .0163 16.7 21 .73 1.72 .77 6 .224
10 .0353 .0223 17.3 . 23.6 1.59 .795 .205
16 .0383 .0276 17.5 25 1.4 .775 .225
41 .02V .0198 16.75 20.55 1.21 .765 .235
-  1 5 3  -
Table (29)
V ertical rou^h pipe:
Fraction of pipe area f i l l e d  with a ir  in  case of bubble t .v . .f lo w .  
Table to check the v a lid ity  of the equation
Qa K Z-1 + 1
5
where Kj- = an8 K is  a constant = 4«38 x 10-  ^ , as
determined experimentally.
Mean value of K ( = 2.59 x 10~^
• 3
No. of 
Test
Q
ft  3 /
sec
Q*a
f t  3 /
sec
(^x)r.r. 2W ( ^ j Z
A /Aa
68-11 .0388 .0028 17 38.2 4.5x103 11.2 25.4 .0394
68-1 .0388 .00324 12 38,8 4*54 11.3 19.85 .0504
68-2 .0388 .00418 9.27 39.25 4.56 11.35 16.58 .0604
66-1
CMO• .00403 7.95 24.85 3 .6 4 9.42 14.22 .0704
68-5 .0388 ;00726 ' 5 .34 45.7 4.94 12.3 11.87 .0845
66-3 .032 .00905 3.5k 29.4 3.96 10.25 8 .69 .115
61,-3 .024 .00858 2.79 16.5 2.96 7* 66 6.89 .145
63-8 .02 .0 0  95 2.1 12.3 2.56 6 ,64 5.58 .179
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Table (30)
V e r tic a l rough pipe: bubble t . v .  f low :-
Fraction of pipe area f i l l e d  with air for different Q^/Q* (Inertiaa
pressure te s ts )
No. of 
Test
<3*
sec
Q« f t  3^
a sec
P’• 1
psia.. . P2.
Q-/S*a AJL/A A'/Aa
R.P. 70 
15 .0353 .00202 17.1 35 .8 17.5 .958 .042
21 .0388 .00261 17.2 38.6 14.9 .949 .051
23 .0388 .00324 17.2 35.3 12 • 949 .051
30 .028 .00275 16.7 25 10.2 .944 .056
6 .032 • 00M5 16.9 25.95 7.72 .93 .07
22 .0388 .0057 17.2 30.65 6.8 .935 .065
29 .028 .00518 16.7 23.13 5 .4 .915 .085
20 .0388 .0095 17.3 27.82 4.07 .903 .097
28
J
.028 .00924 16.7 22.2 3.02 *883 .117
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Table (31)
C oefficient of fr ic t io n  for the water flowing alone 
Horizontal galvanised pipe (Ho. of te s ts  : R.P. 4)
Q ^ f t V s e c h  f t
........ -  .
f R
r - _______- .H - - ................
h
f
f
**
,00477 .0625 .0108 • 594x1 cA .0187 • 66 .0071 2.54
.00517 .0727 .0106 *655 .0245 1.03 .0067 3.32
.0061 .0958 .01 .775 .0287 1.44 .00685 3.9
.0084 .175 .00956 1.09 .032 1.7 .0066 4.34
.00975 .242 ..00995 1.27 .0358 2 .0061 4.85
.01152 .3 .0088 1.465 .0395 2.5 .0062 5.35
.014 .416 .00826 1.78
V
O€• 3.18 .00593 6.24
.0167 .57 .008 2.12 .05 3.64 .0057 6 .76
.0122 .317 .00834 1.55 .0527 3.95 .00555 7.15
k* V ertical galvanised pipe (Ho. of te s ts  : R.P. 38)
^ f t 3 /
sec
-p
I 
A%"'
f
i1
J
2*
pi
hf f
.00495 . 0334 .0109 .667x10^ .0277 .675 .007 3.74
.0063 .0478 .0099 .85 .0328 .908 .00673 4.43
.00945 .0958 .0086 1.275 j .036 1.03 .00634 4.86
.0115 .1375 .0083 1.55 | .0405 1.31 .00638 5.46
.018 .3 .0074 2.43* .0482 1.67 .00577 6.5
.023 .458 .OO692 3.1 .0554 2.21 .0057 7.5
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Table (31) cont inued
C oefficient o f fr ic tio n  for the water flowing alone 
(c ) V ertical glass pipe (No# of te s ts :  R.P. 4)
sec
h f t
f  .
f Q h
f
f
• 004-77 • 0333 .0094 .612x10^ .022 .462 .0062 2.95
.00506 #0333 .00836 .672 .0245 .55 .00585 3.42
.00707 .0  66 .00856 .947 .0287 • 73 .0057 4
#0088 #0916 .0076 1.18 .03 ' .791 .00566 3.85
• 0098 .117 .00785 1.26 .032 .86 .0055 4.46
.01235 .175 .0074 1.57 .0358 1.05 .00526 5
.013 .18 .00685 1.67 .0395 1.275 .00523 5.5
.0157 .245 • OO644 2.06 .046 1.625 .005 6.42
.0171 .292 •00645 2.19 .05 1.95 .005 7
• 0 •J
i
C
O
-^
1 • 30 6 .0 0  56 2.45 .0527 2.135 .00495 7.35
T
a
b
le
 
(3
2
)
-  1 5 7  -
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Table (33)
Head lo st in fr ic t io n  for the flow of a mixture of a ir  and water in the 
horizontal galvanised pipe.
■m
Ta
mean pressure in pipe. psi*.
a ir  tempera ture °F Tw = water temperature °P.
No. of 
Test
172
3
5
6
7
8 
9
10
11
12
13
14
15
16
17
18
19
20 
181
2
3
4
5
6
7
193 
4 
6
7
8
9
11
13
14
15
16
0  f t  Aec a .  h% ‘
i
j fin Ta 7 -• U J Q \ ft%LC
»- -------------- ------- ------ f/~ w  t  cr ■
.00825 .0202 
I .00394
i 17.31 63 63 .0149 .384
.0092 | 18 t .00322 .283
.00875 I .00393 
.0043
|1 8 .4  j .00314 .175
.0078 f 17.73  t .00356 .234
.00816 ! .00173 118.15 ! .0014 .225
.0085 .0111 • 17.4 I .0094 .225
.0085 .006 j 17.78 j .00497 ; .208
.00846 ! .0174 117.7 *01444 .317
.00975 .027 117.55 .0226 .594
.0095 .025 | 17.53 .021 .625
.009 .O606 117.35 .0514 .884
.0133 I .00294 118.7 .00232 .358
.0136 .0118 
.0118 4 .00603 
.0125 ? .0177
! 18 .5 .0094 .517
118.6 .00477 .35 8
117.14 | .0152 .567
.0121 .0227 |17
s .0196 • 667
.01 21 .0296 117.83 | .0244 .817
.0126 .0367 S17.73 .0304 .967
.0114 .0388 >18.2 65 62.5 .0313 .65
.0135 .0556 118.68 .0437 1.18
.0126 .0222 118.28 j .0179 .517
.0149 .00278 S 18.96 | .00216 .492
.0142 .00154 119 I .0012 .408
.0139 .00177 j 18.97 | .00137 .334
.0145 .00345 518.91 j .00268 .425
.0155 .00455 118.7 65 63.5 .00356 .458.
.0151 .0082 118.7 l .00645 .575
.0148 .00725 |1 8 .8 .0057 .525
.0141 .00864 j 18.5 j .0068 .542
.0156 .0105 J 18.7 i .00825 ‘ .642
.0156 .0138 118.7 1 .011 .675
.0148 . 0246 118.7 \f .0195 .93
.0149 .03 118.6 i .0238 1.05
.02 .0528 | 20.6 • 0377 2.06
.0141 .0353 118.5 
f 18.5
j .028 1.13
.01^4 .0448 j .0356 1 .1 5
continued • *  .........
-  1 5 9  -
Table (35) continued•
j No. of 
| Test < V
fi-
■■*- o _ ...
1"“' ........
k
■I—
! r ?
\ t  ' ~ r! • q \
1
s
J
h f r . r ,
| 203 .015 i .043 19.1 j 63.5 65 .0333 1 1.16
I 4 .0145 .0533 19
'
.0413 I 1.21
* 5■t ... .0141 .0555 18.8 .0438 ( 1.35
: 8 .0208 .0123 20.1 > : .009 i 1.12
\ 13 .0212 i .0055 I 20.2 .004 i 1
1 14 .0208 } .01585 I 20.2 . .0114 | 1 .3
! 17 .0217 .0292 20.6 1 .021 j 1.76
X 18 .0202 : .0333' Is
20.6 : .024 i 1.77
r  19 .0195 \ .04  . 20.4 .0288 | 1.94
! 211 .028 t .005
1
21.3 j 65 65 .0035 ! 1.59I 2 .0282 .00269
4-
j 21.5 .00187 | 1.47
I 6 .028 j .0177 20.2 .0128 j 2.04
j 225 .028 .0226 1 22.4 | 62.5 60.5 .015 I 2.24
; 6 .028 .028 22.5 .0183 j 2.51
S 7 .0287 .0281 J 22.6 .0189 | 2.5
? 8 .028 .0333 t 22.8 .0215 | 2.65
! 9 
I 10 ;
.028  
, .0275 t
.0381
.0455
t 23
22.8 *
.0246 ( 
.0294 |
2.72
3.06
\ 2211 .0272 .054 22.7 62.5 60.5 .035 \ 3.18
i . 12 .03 I . 04 f 22.5 .0261 i 3.75
[ 13 .033 i .00567 21,3 l .0039 s 2.06
I 14 .0333 .00455 i 21.4 * / .00315 i 2.08
I 15 .0333 ! .01 21.3
' ; .0069 i 2.38
I 231
| 3 |
.0333
.0325
.02
.0284
fV 21.7522
; 69 j 66
1
.0135 | 
.019 '
2.72
3.17
S 7 .033 I .0555 23.3 * 1i .035 I 4,36
f 8 ‘ .0388 .0043 y 22.5 .0028 | 2* 68
;• 10 .038 j .0134 22.7 .0087 * 3.33
S 11 .0382 J .0218 23 .. .0139 I 3-75 i
i 12 i .038 J .029 23.3 1 .0183 ! 4 .18
| 13 .038 .0374 -■ 23.5 .0234 i 4 .5 4  i
I 14 i .0382 f .043 > 24.4 1’ .0259 I 4.75 -
I 241 I .0388 }? .0548 < 24.9 65 66 .0323 | 5.26
I 2 i .0388 s .0526 25.3 * 1 .0304 j 5.1
f 4 ' .0447 I .01 h 24.3 }
■ .00605 i 3.74
r  3 ! .0437 .0149 * 24.3 f .009 4.07
1 7 ! .0447 .0227 25.1
i
J •0133 I 4 .53
I 8 i .0437 .0274 25 i .0162 4.76
1 9  1 .0437 .0367 25.5 i .0212 5.1! 10 < .0437 | .0328 i 25.2 iI ! : i > .0191 i 4.93
12 ] .044 s .0416 25.9 .0236 ; 5.5
13 i
C
M. | .04675 * 26.3
f-V£ ; .0261 5.68
j 16 I
L _  l
.0432 tI
i
.0552
*
26.7
i 1 .0303 ; 6.23Will 54 1 ■ M. .. . «■*»> «
-  1 6 0  -
Table (33) continued*
No. of 
Test. O '  I
.0364 (251 .0553 30.5
2 .0538 .05 j 30.35
4 .0538 .0065  | 2 6.4
5 .0528 .0133 | 26.7
6 .0548 .0155 j 27.4
7 .0538 .0256 28.1
8 .0538 .0215 27.9
9 .0538 .0307 | 28.9
10 .0538 .0381 29.5
261 .0492 .047 27.9
2 10496 .04 27.6
3 .0492 .0364 27.4
• 4 .0492 .0296 27.1
5 .0492 .022*4 26.7
6 .0492 • 02 | 26.3
8 .0492 .0128 I 25.7
9 .052 .00925 j 26
10 .0492 .00962 | 25.4
11
_ _ _ _ _ _ _ _ _ _ _ _ _ j
.0492 ( .00463  !
........... ......J_________ L
25.5
60.5
1
.0176 
.0242 
.00362 
.00738 
.00832 
.0134 
.0113 
.0156 
.019 
61.5 j .0248 
.0213 
! .0195 
] .0161 
J .0134 
'[ .0112 
| .00732 
| .00523 
i .00557 
.00266
6.9  
7.14  
4.76
5.1 
5.5  
6.23 
5.88 
6.57
7.02 
6.74, 
6.4  
6.17 
5 .7  
5.32 
5
4.53
4.36
4 .3
3.9
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Table ,(3 4 ).
Head lo st in fric tio n  for the flow of mixture of a ir  and water in the
1chorizontal rough pipe —j -  = .0282
= mean pressure in the pipe, p s i a  
= a r^ I '^ P ^ a tu re  °F. Tw = water temperature °P.
[* No. of 
| Test
;.... o i , .......] ' a  !
f t3/stC , P  / m X X <P«f t 1/  sec.
I...; 1
} P T. f . j i f t  wq ter J
i 53-1 . 0 1 0 ,- ! .0122 17 .6 4 63 63 .0102
"f ““d
1 .9 3 4  !
i ■ 2 \ .0104  ! .00877 17 .74 .00726 i .758 J
I 3' . .01028 j .00603 17.86 .00497 ! .584 I
I 4i i .0104 ;01666 17.58 .0139 ; 1 .0 2  (
3 I .01 Of .022 17-5 .0185 i 1 .1 4  1
6 .01028 ' .0192 17.56 .0161 r 1.Q4 ■
7 *0104 .0274 17.57 .023 i 1 .183
8 .0104 .0333 17.56 .0279 I 1.35
9 : .0104 .0404 17.54 .0338 ! 1.517
10 « .0104 .05 17.37 .0418 ! 1.92
11 .01058 .054 17.36 .0453 i 1 .9 4
| 541 j .01462 .043 18.86 64 65 .0336 I '2.61
i 2 | .0148 .0354 18.53 .028 i 2.31
I 3 .0145 .0308 18.3 .0248 i 2.11
I 4 I .01433 .0274 18.28 .022 ! 1.915
i 5 .01462 .0235 18.31
i ..0189 I 1 .867
I 6t .0145 .0182 18.2 .0147 I 1.815
I 7 .0148 .0147 18.32 .0118 I 1.632
I 8 j .01492 .©122 18.41 .00975 | 1.482I 9 .0145 .00757 18.44 .00603 ! 1.15
! 3410 j .01433 • 0044 18,55 64 65 .0035 ! -.984 !
i 11 I .0145 .0547 18.76 ’ .042 ; 2.95 \
< 571 .02 .0041 19.51 63 6 2 .5 .0031 i 2.2 ;
? 2 .02 .00556 19.46 .0042 i 2.29
3 .02 .00953 19.54 » .00717 4 2.55 )
4 .02 .0127 19.49 .0096 ! 2.66
I 5  • ; .02 *0164 19,44 .0124 ! 2.89  j
* 61 : .02 .0185 19.46 \ * .014 i 3 i
7 I .02 .0244 19.6 .0183 : 3 .1 2  !
8 j .02 .0299 ; 19 .6 3I .0225 ! 3.57 j
3  - •02 .0357 120.1 .0253 ! 3 .8 6  !
1 0  •! .02 .04 > ! 20.1 .0294 0 4 .0 3  |
11 ! .02 .054 20.2 .0393 I 4.56 !
12 | .02 | .044  j 20.1 j j .0324  | 4 .2 5
continued • • • • • • •
'T o .
Te
301
2
3
4
5
6
1
8
9
10
11
12
581
2
3
4
3
6
7
8
9
10
591
2
3
4
5
6
7
8
9
10
519
10
11
12
13
.14
15
16
;i 1
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Table (54) continued.
0u> ; Pm T• X <£ i  ^f 7 7 / f. ■
.024 i .00352 20.3 63 ' 4 .00255 ■ 2.72
i .0052 20.3 ' .00376 3.06; .0091 20.3 : .00658 3.23
.0109 20.3 .0079 3.51
.0164 20.3 .0119 3.91
.01333 20.3 .00965 3*68
.023 20.65 .0164 4.25
.029 20.7 ■ .0206 4.7
.0377 21 .0264 4*94 1
.0425 21 .15 .0295 5.04
.0182 20.3 .0132 4.02
.0482 21.2 :• .0334 2.38
.028 .00582 20.8 I 61 61.5 .00412 3.68
.00925 20.9 ! .0065 4.18
.01265 4 20.9 | .0089 4.36
.0169 21.1 .01175 4.58
j .0208 21.3 j .0143 4.93
.0274 21.6 .0186 5.15
i .0333 21.9 .0223 5.6
j .0388 22.2 ; .0257 6.12
.0455 22.3 .03 6.56
.0482 22.3 • •0317 6.75 !
.032 .0308 22.9 j 66 65.5 .01 98 6.58 j
\ .026 22.5 f .017 6 .4  }
/ .0208 22.2 1j .0133 5.72 |
! .0161 21.9 1 .0108 5.5
I .01205 21.8 ♦0081 5.21 |
! .0097 21.6 .0061 5.1 |
{ .00746 21.6 f ; .00508 ; 4.82 \
i .0041 21 .3 .00283 4.47 i
j .0433 23.2 .0276 7.36 t
I *0384 23 r .0245 7.03 |
.0353 .0282 \ 22.9 63 64 .0181 7 .54  {
I .023 I 22.5 i| .015 7.2 ?
|  .0185 ! 22.3 f ' .0122 6.86 j
1 .0133 | 22.1
11I .0088 6 .4
! .0109 ; 22 | .00728 6 .23  !
I .00795 21.7 > .00537 5.84 j
I .00595 21.7 <i : .00396 5.61 |
i .0043 21.5 | .00294 5.38 |
.0388 i .00333 23.26 1 63 64 .0021 6.18 I
_  . . . J  4 ^ ______L ____________ I
continued
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Table (34) continued.
No. of j 
Test ! & .5 '  a Pm
\-r
J L t : Q* h f -r f
> !
612 ! .0388 . 0050$ 23.3 ! 63 64 .00318 6 .4
3 j .0064  • 23.26 ]* ' ] .00434 6 .6 4
4 ; .009 23 .24 | j .00566 6.97
5 i .012 23.75 1£ ! .0074* 7.32
6 I .0136 23.78 | .00965 7-42
7 j .0193 23*82 * j .0119 7.76
8 I *023 23.8 ■j j .0142 8.1
-  1 6 4  -
Table (55)
Head lo s t  in fr ic t io n  for the flow- of mixture of a ir  and water in the  
v e r tica l g lass pipe.
s mean pressure in pipe in psia  
Ta = a ir  temperature °P . = water temperature °F
No. of test G  vo 
ft*/sec f t* /  sec
R• m X a '
f t / s e c
h  {  t.p.
36 1 .0103 .00388 ' 16.1 58 53 .00538 .36
2 .0102 .0124 16 tt tt .0113 .29
3 .0104 .0139 15.9 tt Tt .0127 .2
4 .0104 .0167 15.8 n tt .0155 .2
3 .01047 .02 3 ti it Tt .0214 •V
6 .0102 .027 ti tt It .0251 .39
7 .01047 .0322 15.75 tt it .03 .45
8 .0103 .0383 « tt tt .036 .5
9 .0104 .043 it tt it .0 4 .5
10 .0108 .0506 n tt tt .0472 .57
34 1 .0152 .0037 16.3 55 56 .0034 .634
2 .0134 .00513 16.25 « Tt . 00466 .73
3 .0154 .00694 16.25 11 tt .00628 .75
4 .0157 .00736 16 .2 n n .00667 .675
5 .0134 .00893 16.15 Tt tt .00813 .69
6 .0152 .00925 16.15 tt tt . 0Q844 .69
7 .0152 .01075 16.1 tt tt .00977 .52
8 .0154 .01205 16.05 tt tt .011 .45
9 .015 -.01725 16.05 tt tt .0158 • 6
10 .0149 .0208 16 tt tt .0191 .57
11 .0147 .0228 15.95 tt tt .021 .59
12 .0149 .26 it tt tt .024 .63
13 .0149 .0282 tt tt w .026 .62
14 .0146 .0308 « It tt .0284 . .8
15 *0155 .0318 h tt tt .0293 .78
16 .0154 .0381 TT tt tt .0351 .93
17 .0153 .0426 tt tt IT .0393 1.11
18 .0151 .0465 It tt tt .0428 1 .18
19 .0148 .05 tt tt tt .0462 1.2
20 .0149 .0506 tt tt tt . 0466 1.16
2 9  i .02 .054 16.2 53 56 .049 1.575
2 « .0482 tt tt It .0438 1 .64
3 «» .0425 tt tt tt .0386 1.45
4 it .0392 It tt II .0356 1 *33
5 tt *0357 Tt tt It .0324 1 .2 9
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Table (35)  continued
No. of test
Q
?
! i
P 
j i
i 
i
fU X X 6 ^
6
I
CMO• .031 16.2 53 56 .0282 1.26
7 m .0296 16,1 tt tt .0269 1.21
8 u .027 16.1 it tt .0246 1 .14
9 H .0247 16.15 it H .0225 1 .1 4
10 II .0225 16.2 it tt .0204 1 .19
11 tt - .01695 16.2 tt tt .0154 .95
12 tt .0161 16.2 11 tt • 0146 1
13 II .0124 16.25 tt tt .0112 1.03
14 tt .01 16.3 it II .00907 1.06
15 H .00705 16.35 « it .00635 1.04
16 tt .00522 16 .4 1 II .00468 1.1
17 ft .00368 16.45 tt tt .00328 1.17
18 tt . 00312 . 16.45 H M .00279 1.09
3d 1 .0277 .0527 16 .4 53 56 .0472 2.34
2 ii .0465 n it II .0416 2.15
3 ii .0408 11 ti tt .0364 2.09
4 « .0374 tt it It .0334 1.83
5 tt .0342 11 it If .0306 1.89
6 ii .0296 tt tt tl .0265 1.8
7 it .0267 16.45 11 II .0239 1.72
8 tt .0238 tt 11 tt .0213 1.75
9 H .0208 n » II .0186 1.7
10 It .0183 H « tt .0163 1.63
11 II .0148 tt n II .0132 1.65
12 tl .0168 » it tt .015 ' 1 .6
13 II .0114 11 11 II .0102 1.56
14 It .0125 16.5 ti II .0111 1.63
15 tt .0098 16.5 ti II .00882 1.48
16 11 .00515 16.55 tt tt .0046 1 .5
17 ft ■ .00807 16.55 it It .0072 1.52
18 II .00218 16.65 tt It .00194 1 .5
31 1 .0318 .0513 16.55 " 57 55 .0465 2.28
2 tt .©445 it it « .0395 2 .4
3 it .0381 it it n .0338 2.32
4 ii .0318 11 11 it .0282 2 .2
5 it .0345 11 11 11 .0306 2.24-
6 H .031 0 ; 1 tt .0275 2 .14
7 II .0278 it it tt .0247 2 .0  7
8 1! .02 it ti tt .0178 1.91
9 tt .0256 ~ h ' 11 it .0227 2.31
10 II .021 it 11 ti .01875 1.97
11 M .0154 16.6 tt rt .01365 1.93
12 II .0139 1 6 .6 tt 11 .0123 1.87
13 tt .00962 1 6 .6 ti 11 . 0085 1.865
-*■ 1 6 6  —
Table (35) continued
No. of test a a , f i n X X a * r  T-P.
18 • 0318 .0118 16.6 57 55 .0105 1.9
32 1 .0388 .0488 - 16.9 56 56 .0425 3.39
2 It .0348 II 1 1 .0303 2.98
3 II .0407 rt n ti .0354 3.15
4 II .0358 tt m it .0312 2.99
5 fl .0305 tt it it .0265 2.9
6 It .0263 16.85 tt tt .0229 2.76
7 tt .0215 16.8 it it .0187 2.66
8 It .0202 It tt 11 .0174 2.64
9 II • 016 tt ti ti .0139 2.6
10 It . 0191 tt n it .0166 2.7
11 H .0098 tt « it .00854 2.34
12 II .0149 » ti ti. .013 2.49
13 tt .0128 tt it tt .0112 2.35
14 It .0166 II i« tt .0102 2.37
15 II .00614 tt ti it .00536 2.15
16 It .0111 It it it .0097 2 .4
17 II .0102 tt 11 11 .00892 2.37
18 II .00642 II tt tt *00562 2.47
19 II .00782 tt tt tt .00685 2.28
20 II .00581 tt it 11 .0051 2.22
21 It .00284 It h it .0025 2.19
33 1 .0435 -.00182 16.9 56 56 .00158 1.71
2 n .00455 « it tt .00396 2.61
3 ii .0077 it M it .0067 2.66
4 « .00878 tt tl ti .00763 2.65
5 tt .012 ti It tt .00104 2.84
6 tt .0112 16.95 tl it .0098 2.82
7 rt .0147 tt II tt .0127 2.88
8 it .02 tt II tt .0173 3.14
9 it .0244 tt It tt •  0 2  t i 3.24
10 tt .0298 17 tt ti .0258 3.37
11 tt .0333 17.05 tt it .0288 3.45
12 w .0374 t» tt tt .0323 3.55
13 tt .0417 ft II tt .036 3.7
14 tt .0465 It tt it .04 3 .8  3
28 2 .0492 .0348 17.4 61.5 62 .0294 4.24
3 it • 046 17.3 tt 11 .0391 4 .7
4 it .0435 17.3 tt M .037 4.65
5 ti .0393 17.3 It tt .0333 4 .5
6 ii .0328 17.3 n tl .0279 4.26
7 tt .0267 17.2 tt II .0228 3.97
8 tt .0217 17.2 it tl .0186 3.83
9 ti .0167 17.1 11 tt .0144 3.49
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Table (35) continued
M>. o f  h i t < 0 C > 4 T'q X a ’ 4 r .p ,
10 .0492 .0106 17.1 61.5 62 .00914 3.27
11 0 .01335 n tt tt .0115 3.35
12 ft .0052 tt tt .00448 3.07
13 If .00782 ti tt it .00674 3.14
14 tl .01175 tt tt .0102 3.27
15 It .01085 tt tt .00935 3.17
16 tt .00894 11 tt .0077 3.25
17 tl .00455 tt «t tt .00392 2 .9 4
27 2 .0537 .0422 17.6 62 65 .0354 5.32
3 ti .0333 17.5 it it .023 4 .8 3
4 tt .0211 17 .4 n tt .0178 4.28
5 tt • .0144 17.3 tt .0122 3.85
6 rt .0131 17.25 tt tt .0112 3.56
7 tt .0108 17.25 n 11 . 00916 3.62
8 ti .00226 17.2 tt . 0 0 1 9 3.41
9 tt .00206 it tt it .0017  6 3 .24
10 tt .00278 tt tt tt .00238 3.22
11 tt .0059 tt tt n
> ..... . ■«
.00504 3.39
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Table (36)
Head lo s t in fric tio n  for the flow of mixture of a ir  and water in the
v ertica l galvanised pipe 
«
= mean pressure in pipe p s ti
s a ir  temperature °F. Tw = water temperature °F
/V«. «F fast Gi*i. 
'ft'/jcc.
Goi
frVsec
P ~ r X t i
ft* /i(fC, ft water
42 1 .01048 .0526 15.75 60.5 60.5 .0492 .6
2 .01057 .05 « ti tt ,0466 .57
3 .01077 .0472 ft tt tt .0441 .55
4 .0101 .0408 tt tt ft .038 .49
5 .0103 .0357 tt I* H .0342 .4 4
6 .0103 • 0333 ft n ft .031 .46
7 .0104 .0281 tt tt ft .0262 .41
8 .0104 .0247 15.8 m H .023 .3 4
9 .0104 .0196 15.85 tt tt .0182 .2 4
10 .0104 .0143 15.85 « tt .0133 .17
11 .0103 .012 15.9 tt ft .0111 .22
12 .0104 ♦0087 16 tt tl .008 .18
13 .0103 .0052 16.1 o Tt .00475 ♦ 46
14 .01048 .00247 16.25 H tt .00224 .658
15 .0101 .017 15.85 It tf .0158 .25
43 1 .0148 .05 15 .9 61.5 59.5 .0462 1.12
2 .0148 .0433 it It tt .0417 1.09
3 .0145 .0 4 tt ft H .037 . 96
4 .01463 .0357 n ft If .033 .84
5 .01463 .0328 tt tt tt .0303 .76
6 .01463 .0278 n tt tt .0257 .68
7 .01432 .025 tt tt It .0231 .65
8 .0151 .0211 15.95 tt tt .0194 .58
9 .0148 .0154 16 lift It .0142 .38  .
10 .01492 .0125 16.05 II It .0114 .41
11 .0145 .0098 16.1 tt ft .00895 .45
12 .01432 .0077 16.2 tt tt .007 .53
13 .014 .00385 16.3 tt ft .00347 .67
14 .01463 .0182 16 ' tt tt .0167 .53
44 1 .02 .0465 16.1 - 62 60 .0425 1.51
2 H .0378 « it n .0345 1 .3
3 tt .043 tt tt tt .0393 1 .4
4 tf .0351 it M tt .032 1 .2
5 tt .0312 tt tt tt .0285 1 .13
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Table (56 ) continued
Ho. of test f i t ~ n ~rz C l'
6 .02 .027 16.15 62 60 .0246 1.1
7 « .0233 16.15 if .0212 1.11
8 _rt .0194 16 .2 « tt .0176 1
9 M .0147 16.2 tt ti .0133 .965
10 it .0122 16.25 tt « .011 1
11 ti .00878 16.25 tt tt .00795 .984
12 it .0104 16.3 tt tt .0094 .955
13 tt .00714 16.3 tt « .00645 1 .02
14 u .00526 16.35 « tt .00474 1
15 ft .00438 16.35 tt .00395 1.01
00 tt .0102 16.3 61 59 .0092 1 .06
2 tt .012 16.3 it tt .0108 1.05
3 tt .00205 16.5 tt tt .00183 1 .14
4 tt .00513 16.35 tt n .0046 1 .14
45 1 .028 .0454 16.35 57.5 57 .0407 2 .14
2 tt .0381 tt tt h .0343 1 .98
3 tt .042 tt tt tt .0378 2.16
4 « .0347 n tt tt .0312 1 .86
5 » .0312 tt « n .028 1 .8
6 tt .0247 1 6 .4 tt tt .0222 1.69
7 Tl .0282 tl » tt .0254 1.87
8 ft .0175 tl tt tt .0157 1.62
9 tf .0118 16.45 tt tt .0105 1 .4
10 n .0143 1 6 .4 « n .0128 1.53
11 « .00925 16.5 tt tt .00825 1 .3
12 tt .0073 16.55 11 tt .0065 1.51
13 tt .0058 tl it it .00515 1.51
14 tt .0034 tt tt tt .003 1 .5
46 1 .032 .0454 16.55 57.5 57 .0403 2.49
2 tt .0396 tt h tt .0352 2 .38
3 ' tt .037 tt tt tt .0328 2.29
4 tt .0334 ft tt tt .0296 2 .2
46 6 .032 .025 16.55 57.5 57 .0222 2 .05
7 rt .0225 tt tt tt .02 1 .96
8 tt . 0185 1 tt n .0164 1 .85
9 tt .0152 tt tt ti .0135 1.91
10 tt .0131 16 .6 tt tt .0116 1.83
11 tt .0102 » tt tt .00905 1.75
12 tt .0077 tt tt tt .0068 1 .7
13 it .0038 16 .7 0 tt .00334 1.13
47 1 .0388 ,0444 16.8 5 6 .5 58 .0389 3.25
2 it .0396 tt H tt ,0346 3.11
3 tt .037 tt tl tt .0324 2 .98
4 rt .0323 tt ft H .0283 2.75
5 tt .029 tt tt tt .0254 2.85
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Table (36) continued
a/«. of hit Q „ 0 , P* 7 "• <A X Q '«
6 .0388 .0241 16 .8 56 .5 58 .0211 2 .6 4
7 t«. .0217 tt tt tt *019 2.61
8 tt .01615 tt tt tt .01415 2.46
9 n .0184 tt It tt .0161 2 .5 4
10 it .0143 tt ft It .0125 2.46
11 tt .0102 tt ft II .00893 2.36
12 tt .0076 « tt tt .00665 2.27
13 tt .0048 tt tt tt .0042 2.13
48 5 tt .01035 tt f1 59 *00905 2 . 36
6 « .0058 tt tt t» .00507 2 .2
7 tt .00855 n tt tt .00748 2.33
41 1 .04-35 .0 4 17 67.5 66*5 .0346 3.53  .
2 tt .0339 17 tt n .0293 3.32  .
3 tt .0298 16.95 m tt .0258 3.43
4 11 .0263 n tt tt .0226 3.19
3 tt .0227 n tt tt .0197 3.00
6 tt .02 tt tt it .0173 2 .96
1 tt .0185 1 6 .9 « n .0161 '2 .9
8 tt .0141 16.85 « « .0123 2 .73
9 It .0128 tt it .0112 2 .6 4
10 H .0098 tt n tt .00855 2.54
11 tt .00794 tt « .00692 2.49
12 tt .00588 tt tt n .00514 2.48
13 tt .00532 ft rt Tl .00465 2 .42  .
14 tt .00308 tl tt tt .00268 2 .3 4
39 1 .0492 .0364 17.25 72 71 .0295 4 .25
2 tt .0282 I 7.25 tt it .024 -3 .92
3 tt .025 17 .2 it tt .0214 3.81
4 tt .023 17.2 tt tt .0197 3 .68
6 tt .0176 17.1 tt tt .0151 3.43
7 tt .0152 tt tt tt .0131 3.31
8 tl .012 rt tt it .0103 3 .19
9 it .0115 tt tt ti .0099 3.1
10 tt .00725 17 .05 « it .00625 2 .9 9  .
11 tt .0037 17.05 ttn it , 0032 . 2 .85
12 tt .0206 17 .15 tt « .0176 3 .43
40 1 •0537 .0274 17.35 67 .5 66*5 .0232 4 .6 3
2 tt .0298 tt it tt .0252 4 .6 9
3 tt .026 it tt tt .022 4 .3 5
4 tt .0227 « m tt .0193 4 .2
3 tt .02 1 7 .3 n M .017 4 .0  6
6 tf .0184 17 .3 tt tt .0156 3 .87
7 « .0128 1 7 .2 rt tt .011 3 * 66
8 tt .0147 tt 0 tt .0126 3 .76
9 tt .0106 tt it tt .00906 3.62
10 tt .00642 tt tf tt .0055 3 .45
11 tt .00373 tt R tt .00318 3 .37
-  1?1 -
S s H a i a l
Head lo s t  in fr ic tio n  for the flow of mixture of a ir  and water in the
v e r tica l rough pipe (k/d = .0282)
p s= mean pressure in pipe in psia  
m
b a ir  temperature P. = water temperature °P.
Na. tf test
ft*/±ec
Q<k
ft* /  JfC, ■ P Ta ~ T*U) C/a ft/id
h f T r .
f t  **tcr
56 1 .0104 .0122 16.05 63 63 .0112 *39
2 .0104 .00877 16.05 tt ti .00803 *315
3 .0103 .00602 16.1 tl M .0055 .244
4 .0104 .0167 15*9 tt it .0154 *775
5 .0104 .022 ti tl 11 .0204 .42
6 .0103 .01925 1 tl n .0178 .2
7 .0104 .0274 11 II 11 .0254 .62
8 .0104 .0333 n 11 n .0308 • 6
9 .0104 .0404 15.95 ti t« .0372 .54
10 .0104 .05 it tt it .0461 .83
11 .01058 .045 11 H ft .0415 *78
62 1 .0142 .00352 1 6 .4 64.5 64 .00315 .436
2 .01465 .00633 16.25 II tt .00572 .5
3 *01435 .0082 16.25 II tl .0074 .62
4 .01435 .0105 16.2 It n .00953 .72
5 .01435 .0139 16.15 tt tt .01265 .68
6 .0145 .0167 16.1 II 11 .01525 .78
7 .0145 .0192 16.1 tt n *0175 .85
8 .0142 .0222 16.05 1 « .0203 *8
S .01435 .026 ti 1 it .0238 .97
10 .01435 . 0294 11 H tt .0269 .9
11 .0142 .0351 it II tl .0321 1.1
12 .01435 .0 4 1 II ti .0366 1.27
63 1 .02 . 0404 16 .4 65 65 .0362 2 .13
2 ii *0333 II ti it .03 1 .9
3 it .0282 It ti n .0253 1.75
4 ii .0238 16.45 11 ti .0213 1 .52
5 « .0204 * II 1 11 .0182 1 .4
6 ii .0145 tt it 11 .0129 1.2
7 « . 0178 tt »i it .0159 1.28
8 » .01065 II it it .0095 1 .0 4
9 it .00725 16.5 n ti .00645 .967
10 n .00495 16.55 H ft • 0044 .845
11 n .00255 16 .6 11 tt .00226 .949-*vo .024 .00417 16 .7 63 62.5 .00367 1 .27
2 it .00604 16.65 tt it .00533 1 .3 7
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continued
No d test Q w X T'w
—
i
h r .,.
3 .024 .00972 16.6 63 62.5 .0086 1 .39
4 ft• .01233 tl It .0109 1 .5
5 It .0156 1 II II .0138 1.625
6 It .0182 it tt It .0161 1 .87
7 tl • .0208 it M 11 .0184 1.93
8 tl • 0244 1 till tl .0216 2
9 tt .027 « tt tt .0239 2.1
10 ft .0377 tt tt ft . .0333 2 .5
11 f» .0317 1 tl H .028 2 .3
65 1 .028 .00325 16 .7 64 65 .00284 1 .63
2 it .00527 ft ft tt .00461 1 .6 4
3 tt .0101 tt tt tt .00884 1 .85
4 it .0159 Tt 1 1 .0139 2.16
5 n .0125 ft tt « .0109 2
6 « .0179 tt ft n .0157 2.23
7 it .0206 16 .8 tt tt .018 2.35
8 tt .0227 It ft « .0199 2.49
9 ti .0263 If tt n .023 2.63
10 ti .037 16.85 ft tt .0322 3.12
11 it .0333 tt If n .029 2.99
12 it .0298 It tt tt .026 2 .93
66 1 .032 .00464 16 .9 64 65 .00403 2 .09
2 tt .00704 16.95 II tt .00612 2.35
3 tt .0104 tl tt tt .00905 2 .5
4 tt .0125 ft ti tt .0109 2 .65
5 tf .0172 tl 1 « .015 2.77
6 tt .0189 It It, tt .0164 2.83
7 ti .0208 17 It « .0181 2.99
8 tt .0233 17 ft it .0203 3.17
9 ft .029 17 .05 It tt .0252 3 .47
10 tt .0256 17 .05 tt 1 .0222 3 .32
11 tt .0357 17.1 it tt .0311 3 .8
12 ft .0308 17.1 tt R .0268 3 .6
6 7 1 .0353 .00676 17.1 64 65 .00582 2 .7 8
2 tt •OO464 17.1 it tt .00398 2 .7
3 it .0114 17 .2 tt tt .00975 3.29
4 tt .0149 17 .2 tt tt .01275 3 .5 4
5 tt .0241 17 .3 if » .0205 4 .1 6
6 . tt .0328 17.35 tt tt .0278 4 .5 9
7 tt .027 17 .3 It tt .023 4 .3 3
8 tt .02 17 .3 tl it .017 3.93
68 1 .0388 .00379 17 .2 61 62 .00324 3 .27
2 it .0049 It tt n .00418 3.31
3 tt .00705 tt tt « .00602 3 .38
4 it .0085 tt « tt .00726 3.71
Table ( 5 7 )  continued
Ak of tat c ? - ■ a & % t f . 1 h r  TF.
68 5 .0 3 8 8 .00335 17.2 61 62 .00281 3.22
6 tt .0118 1 7 .3 tt tt .01 3 .85
7 tt .0149 17.3 ft tt .0127 4 .2
8 n .0172 17.35 11 tt .0146 ' 4 .42
9 «♦ .021 1 7 .4 tt tt .0178 4.59
10 ti .0274 17.5 tt tt .023 5 .15
11 t» .0225 17.5 n tt .0189 4 .9
-  174 -*
Table (38)
H orizontal G alvanised P ip e ; Separate t ' . t .  flow
Points for the  ^ ^ curve Pig. (37)*
^  ' Q*
i r  q afunction o f ( ^ , G-^ ) ................. equation (2
/Ax \ i  / P ' \ /7 -.0372v/here G. = G_ / ■■ ■^ -4 ) R.. and 0 = 1*668 as given
1 7 V f t , /  7
by Pig. (13) .
Mean value of G^ = .406 
1
Ho, of
te s t
O jj
( tV  sec at * 4 K G L
I 
« 
! 
I 
0 
, 
]
j 
'1? 
1
1713 .00 9 .0514 4.13 1.18x10^ 5630 .0585 .175 .706x10 2 1.71
1720 .0126 .0304 5.9 1.645 3410 .0235 .414 2.47 1.738
181 .0114 .0313 4.88 1.5 3600 .0256 .364 1.91 1.734
2314 .0382 .0252 29.6 5 3940 .0226 1 .47 13.1 1.857
2412 ,044 .0236 34.55 5.75 3840 .0203 1 .86 17 1.873
183 .0126 .0179 3.24 1.645 2145 .00546 .705 5.92 1.743
1911 .0148 .0195 5.19 1.94 2340 .01 .758 5.19 1.758
2018 .0202 • 024 11 2.64 3070 .01745 .843 6.07 1.791
2019 .0195 .288 11.8 2.55 3690 .0236 .677 5 1.786
227 .0287 .0189 14.95 3.75 - 2600 .01045 1.52 14.3 1.828
229 .028 .0246 16.95 3.665 3540 .0198 1.14 8.57 1.824
2210 .0275 .0294 1.9.1 3.76 4240 .0266 .95 7.18 1.828
233 .0325 .019 1 9 .8 4.26 2600 .0103 1.71 19.2 1.839
357 .0102 .0231 3.29 1.15 2500 .0117 • 441 2.81 1.706
358 .01047 .0275 4.02 1.18 2980 .0195 .38 2.07 1.71
359 .0103 .0331 4.36 1.16 356 0 .0268 .311 1 .63 1.706
3510 .0104 .037 4.41 1.17 4050 .0332 .281 1.33 1.71
3511 .0108 .0438 4 .8 8 1.215 4780 .044 • 246 1.11 1.738
1913 .0149 .0238 6.38 1.943 2765 .0152 • 626 4 .2 1.758
1914 .0142 .0277 6.48 1.86 3220 .0208 .513 3.11 1.755
1915 .0145 .028 6.87 1.84 3260 .0212 .502 3.25 1.753
1916 .0144 .0356 7 1.88 4150 .0324 *404 2.16 1.758
201 .015 .026 6,34 1 .96 3040 .0187 .577 3.3a 1.762
205 .0141 .0438 8.22 1.85 5110 • O462 .322 1.78 1.753
2017 .0217 .021 10*72 2.84 2700 .0129 1.032 8.3 1.795
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?ab le (39)
H orizontal p ipe : Separate t . t .  flow
Points for the  ^ curve Pig. (37)
' Q «
a
Comparison v/ith the resu lts  of Taylor (40)
I1
W a
il>/see
( 4 ^ r .r
jps i / ioo'
of'
I
a
0 :
d r• r.t, '0C72
149x102
-2
4.25x10 60.6 • —V
j
5 .18x104 1.78 .06 • 339x102 1.722
138 2.56 50.2 1.41 3.12 .732 .105 .688 1.726
184 3.85 66.7 1 • 64 4.7 1.48 . 0815 .45 1.742
52.5 1.67 10.2 0.466 2.04 .342 .0536 .296 1.622
51.1 2.25 13.2 0.455 2.74 .58 .0388 .227 1.618
46.2 3.8 17.5 0.411 4# 64 1.45 .0208 .121 1.61
101 4.57 44.7 0.9 5.58 2 .0377 .222 1.683
119 3.15 40.4 1 .06 3.84 1.04 .0642 .389 1.698
139 1.86 33.3 1 .2 4 2 .27 .412 .128 .808 1.714
77.5 3.26 27.1 O.69 3.98 1.105 • 0406 .245 1.658
56 1.77 13.6 0.5 2.16 .381 .054 .356 1.629
Mean value of the function = • 335«
Table (40)
: Separate t . t .  flow
Points for the t^^Tr' •  ^w curve Fig* (37)
M *  ' q ; .
Comparison with the resu lts  of Johnson & Abo»4-Sabe (19)
4 , Q « d p
Tp. ^  _
r— ------
Q*
o x
M r
M *
• oS'72
.258 -1*44 65 7920 2660 .349 .179 1.86x102 1 .67
.258 2.82 88 7920 5520 1.35 .0915 .652 '1.67
.258 4.48 118 7920 9850 3.23 .0576 • 366 1.67
.522 2.66 235 15900 5520 1.265 .196 1.86 1.73
.522 4 . 4 310 15900 9660 3.1 .119 1 1.73
1.33 2.51 500 46800- 5320 1.2 .53 4.16 1.847
1.33 3.93 740 46800 9670. 2.88 .338 2.57 1.847
2.4 1.98 951 76500 5470 • 944 1.21 10.1 1.899
2 .4 6.0 6 1690 76500 21700 7.77 .396 2.17 1.899
2.4 9*63 2380 76500 42600 20.6 .249 1.15 1.899
2.4 13 2660 76500 72800 42.4 .185 .627 1.899
4 5.3 2520 106000 25900 7.72 ;155 3.27 1.936
4 12.9
_________
2920 106000 40400 26.2 .31 1.125 1.936
Mean value of the function as .426
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Separate t . t . flow:
Characteristics of flu id s  used by :
0 )  Taylor:
Horizontal glass 1.017” I.D. tube. Fluids used are a ir  and 
kerosene
mean pressure = 1 8  psia mean temperature = 78°F
7
sp.v/t. of kerosene = 51*2 lb /f t
—L  2v isco sity  " = .532  x 10 lb se c /ft
(2) Johnson and Ahow-Sabe
Horizontal brass .87” I.D. tube. Fluids used are a ir  and water 
mean pressure = 17 .2  psia  
” temperature = 78° F 
the function
« '  c ’  ( & ) (|j
where 0 i s  a constant = 1.668 as given by Fig. (13).
7
-  17B-*
Table (41)
Horizontal rough pipe: Separate t . t .  flow:
Points for ' ^   ^u> curve Pig. (38)
' Q'
fa r .
a
, = function of (Qtf/Q*, G ) ^ a 6
-.125
where G
( Equation 24). D
/ p ' \ y2 
* °16 ^ 2  'a n d  C16 = as &iven F1S* 06)
mean value of G,- = 0.443 o
No, of 
fe lt ft* /w
a '
c
d K.,.
4
** 
I
</£ f,*i r.p.
Q l
541 , 0146 .0336 1.13 4060 19.45x1 Q“4 5.8x102 . .435 2.818
542 .0148 .028 1 3340 14.1 7.1 .528 2.76
543 .0145 .0248 .915 2920 11.3 8.1 .585 2.716
558 .0104 .0279 .585 3160 13.4 4.36 .372 2.73
559 .0104 .0338 .657 3835 18.8 3.5 .308 2*805
5510 .0104 .0418 .832 4740 27.6 3 .248 2.871
578 .02 .0225 1.55 2840 9.92 15 .6 .888 2.7
579 .02 .02  63 1 .67 3380 13.3 12.55 .76 2.76
5710 .02 .0294 1.75 3800 16.2 10.8 .68 2.792
5711 .02 .0393 1.89 5110 27 7 .505 2.911
587 .028 .0186 2.23 2610 7.34 30.4 1.51 2.667
588 .028 . 0223 2.43 3160 11 22.1 1.26 2.729
589 .028 .0257 2 .65 3700 13.9 " 19.1 1.09 2.794
5810 .028 .03 2.84 4320 19.1 14.9 .935 2.844
5811 *028 .0317 2.92 4580 20.2 14.55 .884 2.858
591 .032 .0198 2.86 2900 9.06 31.5 1.62 2.838
592 .032 .017 2.78 2460 6.32 44 1.88 2.642
599 .032 .0276 3.19 4080 16.1 19.8 1.16 2.825
5910 .032 .0245 3.05 3620 13 23.45 1.31 2.78
608 .024 .0206 2.04 2750 9.17 22.2 1.17 2.685
609 .024 .0264 2.14 3570 13.9 15.4 .91 2.773
6010 .024 .0295 2.18 4030 17.1 12.75 .814 2.825
6012 .024 .0334 2.38 4560 21.1 11.3 .718 2.844
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Table (42)
V e r tic a l g la s s  p ipe: bubble t . t . flow
J  p
Points for the - S p £ -  -r- Qw /Q' curve, F ig. (39)
d P i  a
— = function of (Qw/Q^, ) .............  (Equation 4-1)
/  M ^ \ 7 /  ^ \ /j
.where p O  an<^  Kj^ = *028 as given by Pig. (18)
mean value of K, = *87
/Vo, o/.
t a t
a
ft3/see
a
f t3/sec p i i iI
M
p s  t
a
& ' M
272 • 0531 .0354 2 . 3I 6 . 5x10^ 4080 '■1.18x10*3 1 .55 19 . 6x102
273 .0531 .028 2.09 6.5 3230 .79 1 .92 26.5
283 .0492 .0391 2 .04 5.96 4450 1 .4 1 .258 14.6
286 .0492 .0279 1.85 5.96 3175 .773 1.71 23.95
287 .0492 .0228 1.72 5.96 2580 .482 2.16  . 35.7
291 • 02 .049 • 684 2 .43 4760 1.85 .408 3 .6 9 *
293 .02 .0386 .629 2.43 3870 1 .24 .518 5 .0 7 *
301 .0277 .0472 1.015 3.36 5170 1 .9 .586 5 .34
303 .0277 .0364 .905 3.36 4000 1 .2  . .7  62 7 .55
305 • 0277 .0306 .818 , 3.36 3340 .886 .905 9 .24
312 .0318 .0395 1 .0 4 3.B6 4350 1.39 .806 7.48
314 .0318 .0282 .955 3.86 3110 .77 1 .13 12.4
321 .0388 .0425 1 .47 4.71 4800 1.61 .913 9.13
322 .0388 .0303 1.29 4 .71 . 3415 .893 1.28 14.45
339 .0435 .0211 1 • 46 5.28 2400 .4 1 4 ' 2 .06 35.2
3312 .0435 .0323 1 .5 4 5 .28 3660 1 .0 1 .35 15 .4
3314 .0435 .04 1.66 5.28 4560 1.46 1 .09 11.35
3416 .0154 .0351 .404 1 .87 3740 1.21 .4 4 3 .3 4 *
3418 .0151 .0428 .512 1 .83 4570 1 .53 .352 3 .3 5 *
3420 .0149 .0466 .504 1.81 4980 1.81 .32 2.78
368 .0104 .03 .195 1.26 3110 .82 .347 2.38 *
3610 .0104 .0 4 .217 1.26 4230 1 .37 .26 1 .59*
3611 .0108 .0472 .247 1.31 4980 1 .83 .229 ■1.35*
*slu g  flow as observed v isu a lly
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V ertical Galvanised pipe; bubble t . t . f l ow
Jp
Points for t h e  v. Qw/Q* curve Pig. (39)
dp
= function of Kj) . . .  (Equation (41))
where K == ( ^ u f )  j  ^  and K = *028 as £iven by
Pig, (18). Mean value of k , = .915
bio., of
M
G o
H 3/ m
q :
ffV^c
d Prr.
p S i R *.
(jf> f>U <23 d Pr.,
dp2
391 .0492 .0295 1.84
46.3x10 3320 82.6x10~5 1 .67 22.3x1o2
393 .0492 .0214 1.65 6.3 2280 20.4 2 .3 58
402 ♦0537 .0252 2.03 6.89 2750 5 2 .2 2 .14 38.8
411' ♦0435 .0346 ■1.53 5.57 3690 106 1.26 1^.45
414 .0435 .0226 1.385 5.57 2420 38.9 1.925 35.6
421 .0105 .0492 .26 1.34 4860 186 .213 1.4  *
424 .0101 .038 .212 1.3 3820 120 .266 1.77*
426 .0103 .031 .2 1.32 3120 81.5 .332 2.46 *
428 .0104 .023 ♦ 1475 1.333 2320 33 .452 4.46
431 .0148 .0462 .485 1.9 4660 166 .321 2 .92  "
433 .0145 ♦ 037 •416 1.86 3720 113 .392 3.68
435 .0146 .0303 ♦ 33 1.875 3070 79.6 .483 4.15*
437 .0143 .023 .282 1.8 33 2330 36.8 .622 7.66
441 .02 .0425 • 68 2.56 4330 148 .47 4.6 ■*
442 .02 .0345 ♦ 5 2,56 3520 102 .58 4.9
451 .028 .0407 .93 3.59 4270 139 .688 6.68
454 .028 .0312 .807 3.59 3270 86 .892 9.38
K61 .032 .0403 1.08 4.1 4270 138 .795 7.82
463 .032 .0328 .995 4.1 3470 95.6 .977 10.4
471 .0388 .0389 1.41 4.97 4180 133 .997 10.6
474 .0388 .0283 1.19 4.97 3040 74 1.37 16.1
477 .0388 .019 1.13 4.97 2050 21.3 2.04 53
\
•*
slug flow as observed v isu a lly
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Comparison o f the relation  v. Qw/Q* for bubble t . t .  flow
d K  a
vrlth other investigators resxilts
Table (44) . 3/  ■ !
^  /MA (Kali resu lts: Mean value of K  = \ J ^ /  ~ *936
where K i s  a constant = .028 (as given by Fig. (18)
, v,
mean pressure 
in pipe Cl •
n/scc.
in- t^er R n,
df>a
in  w a t e r
I 
q
Icj
I
‘tP rr/fy
= 14*8 psia. L -3 2and mean 50.88 40.33 9.78 2,03x10 2400 13x10 .758 7.55x10
t emperature 29 .69 40,39 8.98 1.953 2400 13.05 .735 6.9
a 59°^for a ir 26 .33 40.49 6.5 1.73 2405 13.05 .65 5
and=47*5^for 21 .89 40.71 5 1.44 2420 13.3 .538 3*76
water
Table (45)
Johnson anti Aboa -  Sabe resu lts; Mean value of = .745
»ne«« 
press. 
in pipe
P*‘t
Tenjp.
V
Q * q :
ftVwin
JPrr.
f>-U ^ /v z
3 91 1.33 1.2 330 4.68x1 ( t 2420 .273 1.1 12.1x102
4 91 1.33 2.51 500 4.68 5320 1.2 .53 4.16
7 81 2.4 1.08 827 7.65 2740 .27 2.22 30.7
9 81 2.4 1.98 951 7.65 5470 .944 1.21 10.1
12 81 2 .4 2.97 1260 7.65 9260 2.02 .81 6.24
*“ 1 8 2  -
Table (46)
H orizon ta l G alvanised Pipe : bubble t . v .  f lo w :
d p
Points for the ~-j  ~  Kr^ curve , Fig. (40)
f~z 2
Ap\Zlpif. = function of (Q^/Q’ , Jfe ) ----- . . .  (Equation (39))
df>  ^ a ■ H2
where 2C is  s  an(^  ^7 ~ ^*^^5 xlQ  ^ as given
by Fig. (14).
Mean value of K  ~ 3*76 x 10"^
Ho. of 
test
a
ftVsec
( S .
f f / it  c
'far.
f>S!
V 
I 
0
?
1
p s i
Q u
O :
d Pr.r.
^  . K ^ ,
208 .0208 .009 .485 2.73x10 1150 1.895x10 2.31 25. 9x1O2 .43
X 209 .024 .0022 .55 3 .14 287 .458 10.9 120 .108
X 212 .0282 .00187 .636 3 .7 250 >384 15 166 .094
X 214 .026 .0064 .68 3*4 864 1 .32 4 .06 51.5 .324
- 215 .0243 .01335 .75 3.18 1790 "2.72 1.82 27.6 .674
X 2214 .0333 .00315 • 9 4 .37 425 .648 10.5 1 3 3 .16
- 2218 .0317 .01 1 .07 4 .15 1360 2.06 3.16 52 .511
X 238 .0333 .0135 1.16 4.37 360 .584 13.85 199 .149
X 244 .0447 .00605 1 .62 5.85 925 1 .2 4 7 .4 130.5 .348
246 .0437 .01 1 .8 4 5.73 1550 2.06 4 .37 8 9 .4 .584
- 2418 .065 .0096 2 .8 4 8 .5 1780 1.99 6.75 143 .67
X 253 .0538 .00177 2.07 7.03 297 .368 30.3 563 .1115
- 256 .0548 .00832 2 .38 7 .18 1460 1.73 6 .58 138 .55
X 373 .0437 .00315 1 .46 5 .72 457 .65 13 .9 225 .172
X 374 .0388 .00562 1 .26 5.06 813 1.16 6 .9 108.5 .305
- 378 .032 .01 1.13 4 .2 1360 2.05 1.37 55.2 .511
3710 .028 .0087 .828 3.67 1150 1 .8 3.2 4 5 .7 .432
x t . v .  -  in  the tr a n s it io n  reg ion  i . e .  1Q00<^R 2000
N2
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V e r tic a l Glass P ip e : bubble t . v .  flov/:
f a ?Points for the ourvo, Fig. (40) 
dp p
— a*, function of (Qw/Q* , K R ,. ) . . . . . .  (Eauation (39))
ft 2U- p 3/jr
where K is  -a ^  (> w  (  K7 = x10~"* as given
by Fig. (19)* Mean value of JC a 9*67 x 10“^
No. of
test
a ,
/P/st C
<2 :
ft*/se*
dffr.f
pSi * *
dp*
pa-
Q *
a '
dPr.fi
K ( k
27 6 .0537 .0112 1.545 6.5x10^ 1270 . 147x10~^ 4 .8 105x102 1 . 2  3
2710 .0537 .00238 1 »4 6.5 269 .0312 22.3 446 .26 X
2813 . 0 4 - 9 2 . 0 0 6 7 4 - 1.36 5 . 9 6 757 .088 7 . 3 1 5 5 .733 X
2913 .02 .0112 . 4 4 7 2.43 1220 .147 1.885 30.4 1 . 1 8 -
2 9 1 8 .02 .00279 .416 2.43 308 .0367 7 . 1 7 113 .298 X
3 0 1 3 .0277 .0102 • 6 7 6 3 *  3 6 1120 .134 2.72 50.5 1.08 -
3114 .0318 .00726 .791 .3.86 804 .955 4*4 8 3 . 2 . 7 7 7 X
3211 . 0 3 8 8 .00854 1.015 4.71 9 6 3 .111 4.55 91.5 .932 X
335 .04-35 .010?}- 1.23 5.28 1175 .136 4.18 90.5 1.135 -
362 .0103 .00538 .156 1 .25 575 .073 1.91 21.4 .556 X
x t . v .  -  in  the tr a n s it io n  region  i . e .  1000 ^  2000
' ~ 2
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Table (48)
V e r tica l ga lvan ised  P ipe: bubble t , v .  flov/:
J pPoints for the T,P K K  curve , Pig. (40)
Jfk 2
cl fir p
' j p ' ~ function of (Qtv/Q^ , K  )   (Equation (39))
/ M * \ /r  /  ^  \  ^  -5where JC i s  ■ a \ f * ' )  an  ^ ^7 =3*12 x.10 as given
by Pig. 19* Mean value of K  = 9*55 x ICf^ 4'
No> of
tcsf
Qw
W x c
<2 ;
fr*/iec
d PT*
p s i /° 5;
<2«
.0 : K \
39 6 .0 4  92 .010 3 1 .3 8 6.3x10 1095 11.3x10~5 4.78 122x10^ 1.045 ..
3910 .0492 .00625 1.295 6.3 662 6.84 7.75 190 .631 X
409 .0537 .00906 1 .57 6.88 976 9.93 5.92 158 .931 X
4011 .0537 .00318 1.46 6.88 344 3.48 16.9 420 .328 X
418 .0435 .0123 1.18 5.57 1305 13.6 3.53 86.8 1.245 -
4112 .0435 .00514 1.075 5.57 ' 543 5*68 8*46 191 .518 X
-4312 .0143 .007 .23 1.833 718 7.7 2.04 29.9 .685 X
449 .02 .0133 • 4*18 2.56 1370 14.6 1.505 28.7 1.31 -
4412 .02 .0094 .414 2.56 970 10.35 2 .1 3 40 .926 X
4512 .028 .0065 .653 3.59 688 7.14 4.31 91.5 .657 X
4611 .032 .00905 .755 4.1 960 9.92 3.54 76 .916 X
4713 .0388 .0042 .923 4.97 453 4* 6 9.24 200 .432 X
x t .v .  -  in the tran sition  region i . e .  1000 2000
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Table (49)
Comparison w ith  Tay lo r  * s R e su lts ; (H orizontal g la s s  p ip e) .’bubble t .v*  flow'
The values of are calculated as from Pig. (40) and
compared v/ith experimental values obtained by Taylor (40).
V e/7
IL/sec
wrY cti r
l L / i ec
-* *  
d plrpe
p$J /too'
Ow
0 ; i
§ ^ d p
' X P - c -
p  ** / /«o'
J pT.P.
dp'rr. c
d p
‘rtt.
-2
153.2x10
-2
.0933x10 8.29 2.68 1140 .645 37.5x1$
-2
.227x10 8.5 1.023
196.5 .0952 12.32 3.36 1160 .656 .55 .23 12.65 1.023
267 .102 18.9 4.26 1245 .705 82 . 246 20.2 1.07
83.5 *0871 3.25 1.565 1060 .6 15 .21 3.15 .97
_____
L
* *  * "7 (&) '  (f
-5where K i s  a constant = 1.635 x 10 as given by Pig. (14) 
7
§ as obtained from Fig, (40)
TT/y. E ss experimental value of the two phase pressure drop.
•d p  n = calculated  tr.Fc.
tl II ft ft
-  1 8 6  -
Table (50)
Comparison w ith  Hall 's  r e s u l t s : (v e r t ic a l  g la s s  p ipe)
R „ varies between 27000 and 8500R A flow of water is  turbulent
for t .v . flow, the values of are calculated as from Fig. (4-0)
and compared with experimental values obtained by Hall (17).
C2u> Q l
in3/se.c~.
M.F.C.
/V1 water
■Q„ t/O
") 
|
b 
I
in  water.
rX'Kr
d p
'r.p.c.
d H *e.
0 : d PrPC
41.65 3. Mi- 8 .29 12.1 205 .214 174x102 . 653x10 3 11.35 0 .7 3
39*93 3.45 7*8 1 1 .6 205 .214 1 63 .66 10.77 0.725
29*36 4.71 5*79 6 .2 4 279 .292 85 .898 7 .64 .757
31*39 7.09 6.58 i-6 422 65 1.35 8 .76 .754
29.24 7*65 5 .79 3 .83 454 .474 53 1.447 7*66 .755
21.85 ” 7*65 3*69 2.86 454 .474 34 1.462 4* 92 ..751
32.1 12.24 7*13 2.62 726 *757 41 2 .34 9 .6 .744
33*08 14.41 7*8 2 .3 858 .896 38 2 .78 10.55
------------1
eo 
!
r*- 
; 
.
____
j
* u r  - K  / 2
7  V
i s l 7 / i  
V  V
3  \ 3 /r
w  1
? - 7
1 •045 x 1 0 -3
-5where Kj is  a constant * 3»12 x 10 as given by Fig. (19)
^ as obtained from Fig. (40)
*TP.E~ exFer m^0rl^ a  ^ va u^e 'kh® W^o pbase pressure drop,
a p  = calculated “
• T f C .
it it n
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Bubble t . v .  flay /:
Characteristics o f flu id s used by :
(1) H all:
V ertical g lass .915" I.D. tube. Fluids used are air and water 
mean pressure = 1 4 .8  psia
mean air temperature = 59 °F 
H water " = 47*5 °F
(2) - Taylor: ,
Horizontal g lass 1.017" I.D. tube. Fluids used are a ir  and 
d ie se l fuel o i l
mean pressure = 1 8  psia mean temperature = 80°F
sp.wt. of o i l  = 53*5 lb / f t 3 
v isco sity  = ,00327 lb /s e c .f t .  y  3/^
The function JC is  =
■r5where i s  a constant = 1 .635  x 10 for horizontal pipe, as
given by Fig. (14) '
C
and = 3*12 x 10 for v ertica l pipe, as given by Fig. (19).
** '18 8
H orizonta l rough pipe : bubble t . v .  f lo w :
J p
Points for the •— LEtL i/j. ILr*. curve , Pig* (41 )
5 «2
p  = function of (Q^/Q^, ^  ) • ••••• (equation (46))
where i s  = K13 ( l= £ )
and K i s  a constant = 5<*74 x 10  ^ as given by Fig. (17) 1 3
-3mean value o f L  = 1.42  x 10
No. of 
te s t
a
f t3 /sec
q : J&p.
r*i * * p s t
<?« dfirr.
K A
*
549 .0145 .00603 .497 1.935x104 777 . 96x10 *^ 2.41 51 . 8x102 1 .11 X
5410 *0145 .0035 .425 1*935 452 .554 4 .16 76.8 . 644 X
55Z .0104 .00497 .253. 1*39 642 .762 2.09 33.2 .911 X
571 .02 .0031 .953 2.67 400 .5 6.46 191 *568 X
572 .02 .0042 *99 2.67 541 .705 4.76 140.5 .7  68 X
573 .02 .00717 1.11 2.67 925 1.2 2.79 92.6 1.32 X
574 .02 .0096 1.15 2.67 1240 1.61 2.08 71 .5 1.765 -
581 .028 .00412 1.59 3.74 532 .736 • 6.7 216 .758 X
584 .028 .0089 1.89 3.74 1150 1.59 3*14 119 1 • 64 -
597 .032 .00508 2.09 4.27 656 .936 6.3 223 .935 X
598 .032 .00283 1.94 4.27 355 .529 11.3 366 .505 X
602 .024 .00376 1.325 3.2 485 .657 6.37 201 . 69 X
603 .024 .00658 1 .4 3.2 * 850 1.19 3.65 117.5 1.21 X
604 .024 .007$ 1.52 3.2 1020 1.38 3.04 110 1.45 X
606 .024 .00965 1*59 3.2 1245 1.68 2.49 94.6 1.77 —
611 .0388 .0021 2*68 5-18 271 .418 18.5 640 .386 X
612 .0388 .00318 2.78 5.18 410 .635 12.2 438 .584 X
613 .0388 .00404 2.87 5.18 521 .805 9*6 356 . .74 DC
615 .0388 .00744 3.17 5*18 960 1.51 5.22 210 1.365 X
#
x t . v .  -  in  t h e  tr a n s it io n  reg io n , i . e .  1000 <^ Rw ^  20002
-  189  -
Table (52)
V e r tic a l R'-ugh Pipe ; Bubble t . v .  f lo w .
Points for the dpr  ^ ^ K R .  curve Pig *41
- ys' s' iia
dp2
function o f ^  Q ? -  , ^ (equation 46 )
/<? V'2 -Rwhere i s  s  K|3 and ^13 ds a constant = 4*33 x 10
as given "by P ig .21 • Mean value of fC. = 1.185 x 10“33
No. of CL. a ' <ip,. K * Q-%.
i
*
test
f t 1/ set. ft*/sec. ps i P*>f q :
681 .0388 .OO324 1.42 5 .224 362
 ^ * 10 
3.83 12 370x'o .428 X
682 .00418 1.435 XJ0 467 4.95 9.27 290 .554 X
683 .00602 1.465 672 7.14 6 .45 205 .795 X
685 .01 1.67 1125 11 .8 3 .88 1 141.5 1.33 -
672 .0353 .00398 1.17 4.77 440 4.7 8 .8 8 249 .52 X
661 .032 .00403 ,91 4 .3 kbo 4.75 7.95 191.5 .52 I x
662 .00612 1 . 0 2 * 666 7.5 5.23 136 .79 X
663 .00905 1.075 - 984 11.7 3.54 92 1.165 X
664 .0109 1.15 1180 13
17.55
2.94 88.5 1 .4 -
665 .015 1 .2 1630 2.14 68.4 1.93 -
651 .028 .00284 .706 3.77 308 3,37 9.86 210 .365 X
652 .00461 .712 ' 500 5.45 6.07 131 .592 X
653 .00884 .3 956 10.4 3.16 77 1.13 X
654 .0139 .94 !1500 16.5 2 .02 57 1.78 --
655 .0109 .865 1180 13 2.57 66.5 1 .4 -
642 .024 .00533 .594 3.23 573 6.32 4.5 94 . .68 X
643 i .0086 .603 ! 921 10 .2 2.79 59 1.09 X
638
OJO• [.0095 .45 2.695 1010 1 1 .2 2.1 40 1 .2 X
639 | .00645 .42 685 7 .6 6 3.1 54.8 .812 X
6310 | .0044 •366 466 5.2 74.54 70.4 .552 X
; 622 .012)4 j .00572 .217 1.94 596 6 .76 2.58 32 .7  06 X
623 .0074 .268 775 8.75 1.94 30 .6 .918
*
*
x t*v* -  in  the tran sition  region  
i . e .  1000 <R ^<t 2000
-  1 9 0  ~
Table (53)
V e r t ic a l rough pipe : bubble t . t .  flo w .
Points fo r  the * Q*
dp.
tp . w/  
—  K / O ’
~ l£  ~ function  o f
curve Fig *42
(equation 47)n' k >( (^ a #/2S-
"p"' /  ^  orWre i s  a constant = #0225
a  '  * («* ‘Jet~<?rmi/?ec/ from  FP<] - 2o  )
(as determined from Fig#20)
where
mean value o f K = 1 #64
No. of 
t e s t
Oto 
ft*/see.
q ;
f+^/scc.
J ftr.
~.E±L~ ■3l O*!
l«
*
| d f ir~£* '<r
6*4 I dPr.r. •/2S *
688 .0388 .0178 1.99 5.22 2000
x lo^  
21 .2 2.18 I 93, m * 2.582 X
689 .023 2.23 *. to4 2620 46.7 1.69 47.6 2.667 X
875 .0353 .0205 1.005 4.77 2280 28.8 1.73 62.6 2.799 X
676 .0278 1.99 3100 68.5 1.27 29 2.729 X
677 .023 1.375 2550 43 .9 1 .54  ! 42 .7 2.661 X
668 .032 .0203 1.37 4 .3 2205 26.2 1.58 52.3 2.618 X
: 669 .0252 1.503 12730 55.9 1.27 2.69 2.685 X
I 659 .028 .023 1 .14 3.77 2480 41 1.22 I 27 .8 2.655 X
6511 .029 1.295 3160 72 .965 18 2.735 X
! 6510 .0322 1.35 |3500  
3.23 1980 
3020
86.8 .87 15.5 2.773 X
647 .024 .0184 .834 21 .6 1.305! 38.6 2.576 —
6411 .028 .992 67.5 .8 5 7 1 14.7 2.723 X
631 .02 .0362 .924 2 o695 3820 104.5 •552 8 .84 2.799 X
6211 .0144 .0321 .476 1 .94 3330 86.6 .4421 5 .5 2.754 X
628 .0203 .346 2100 24.7 .7  I 14 2.6 X
5610 .0104 .0461 .36 1 .4 4750 156 .225 2 .3 2.377 X
5611 .0415 .338 14270 |130 .255 2 .6 2.82,4 X
666 .032 .0164 1.225 4 .3 ;1780 | 19.6 1.95 f 62.5 2.52^7 —
6810 .0388 .0189 2.12 5.22 12140 |23.5 2.05 90 2.606 X
687 .0388 .0146 1.91 11640 17.25 2.56 f111 2.518 -
674 .0353 ,01275 1.53 4.77 1410 H 5.1 2.77 |101 2.475 -
x t # t .  flow  -  in  the tr a n s it io n  reg io n
i . e .  1 0 0 0 <Bn < 2 0 0 0
Table (54)
Comparison of the re s is ts  for the different pipes with ?*!ar t i n e l l i  • *
* - / f  ' ■ * - / f t
--- - TIWMl
/Vfl. of
te s t
f r /x c -
q :
f t 1/ #  c I rs!
...... .j p s i
J r .
X t L , , ,
X
<u
£
>05k
683 .0388 .0178 1.99 5.22*«4 2000 .21 .2  vo r 1 .2 6 77.1 1.257
676 *0355 .0278 1.99 4.77 3100 68.5 1.05 39.1 1.377
669 .032 .0252 1.503 4 .3 2730 55.9 . 85s 39.1 1.325 d6510 ♦028 .0322 1.35 3.77 3500 86.8 .656 27.5 1.437
n  hhrQ •
631 ♦02 .0362 .924 2.695 3820 104.5 .332 17.45 1.67
r-Q *P □ •
6211 •0144 .0321 .476 1 .94 3330 8 6 .6 .163 13.7 1.71
5610 <•0104 .0461 •36 1 .4 4750 156 ..0 7 8 7.07 2,15
5611 .0104 .0415 .338 1 .4 4270 130 .078 7.75 2.08
631 •0388 . 00322,. 1.42 5.22 362 3.83 1.26 181.5 1.062
683 .0388 .00602 1.4-65 5.22 672 7 .14 1.26 132.7 1 .078
662 .032 .00612 1.02 4 .3 666 7 .5 .856 107 1 .091 I B
651 .028 .00284 .706 3.77 308 3.37 .656 139.5 1.038
653 .028 .00884 .3 3.77 956 10 .4 •656 79.5 1.105 • 1
642 .024 .00533 - *594 3.23 573 6.32 •485 87.5 1.108 5  !
643 .024 .0086 .603 3.23 921 10.2 .485 69 1.235 1
639 .02 .00645 -*42 2.695 685 7.66 .332 65.8 1 . 12 7 1 <D \ H  j
6310 .02 ♦0044 .366 2.695 466 5.2 .332 80 1.05 rQ CA  .
622 .0144 .00572 .217 1 .9 4 596 6.76 .163 49 1.155 3 1n  1
623 .0144 .0074 .268 1 .94 775 8.75 .163 43 ! 1 .28 ]
541 ♦0146 .0336 1.13 1.95 4060 19.45 .322 12.85 i 1.875 T T
543 .014-5 .0248 .915 1.935 2920 11.3 .317 16.75 1 .7
; 2.345 «  !■p j5510 ♦0104 .0418 .332 1.39 4740 27.6 .151 7 .38
5711 .02 .0393 1 .39 2.67 5110 27 .635 15.3 1 .725 * f«p I
5310 .628 .03 2.34 3.74 4320 19.1 1.255 25.6 1 .505 e
592 .032 ! .017 2.78 4.27 2460 6.32 1.63 50.7 1.35 -p
£
& i
<D
5910, .032 ! .0245 3.05 4.27 3620 13 1.63 35.4 1.41
608 .024 | .0206 2.04 3.2 2750 9.17 .918 31.65 1.492
6012 .024- t .0334 2.33 3.2 4560 21 #1 .918 20.85 (1 .6 1 2 GO
549 .0145 j .00603 .497 1,935 777 .96 .317 57 .4 1 .25
553 .0104 I .00497 .253 1 .39 642 ! .762 .1 +47 43 .9 1.31 H
571 .02 I .0031 .953 2.67 400 ! ' -.5 .635|112*7 I 1.227
581 .028 . 00412: 1.59 3 .74 532 ! .73 6 1.255 130.5 i 1.128 .>
534 .028 ' .0089 | 1.89 3.74 1150 i 1.59 1 . 255i 9 1 .7 I 1.228 •-P
597 .032 . 00508! 2.09 4.27 656 .936 1.63 132 | 1.131
603 .024 . 00658! 1 .4 3 .2 850 1.19 .918 87.8 1 .235 HrQ
606 •022*. .00965| 1 .59 3.2 1245 1.68 ■,'•918 73.8 1.317 3
613 .0388 .004041 2.87 5 .18 521 .805 2.41 173 ■ ■1 .09
-  1 9 2  -
?able continued.
//o. o f
t e s t
G w
1
q :  
^  i/ i e 1' R <I
d f i X
C l
i* 1 
1
1713 .009 .0514 .287 1 .1 8x»<f 5630 40 . 6*io f .076 4.33 1.943 <D %
1914 .0142 .0277 .45 1.86 3220 14.4 ..1685 10.7 1.633 - P r n  ‘
2019 *0195 .0288 ♦82 2.55 3690 16 .4 .29 13.3 1.68 U?LpO •2210 .0275 .0294 1.325 3.76 4240 18.5 .53 16.9 1.582
2314 ♦0382 .0259 2.06 5 3940 15.7 .932 24 .4 1 <>486 C O P
2412 •044 .0236 2 .4 5.75 3840 14.1 1 .2 28.7 1.415
208 .0208 ♦009 .485 2.73 1150 1.375 .322 41 .4 1.23-
209 ♦024 .0022 .55 3.1-4 287 .458 .413 95.5 1.15 !
212 .0282 .00187 .636 3.7 250 .384 .55 119 1 . 0751 1
214 .026 ♦OO64 *68 3 .4 864 1.32 .477 60 1 . 195: r-l
2214 .0333 .00315 .9 4 .37 425 •648 .736 107 1.1 .
244 .0447 .00605 1.62 5.85 925 1 .24 1.325 98.5 1 .14 >
246 .0437 .01 1 .84 5.73 1550 2.06 1.17 75 1.26 P
253 .0538 .00177 2.07 7.03 297 .368 1 .7 214 1.09 <DH373 .0437 .00315 1.46 5.72 457 .65 1.18 135 1.11
374 .0388 .00562 1.26 5.06 813 1.16 .956 91 1.15 g
3710 .028 .0087 .025 3.67 1150 1 .0 .55 55.2 1.225 P-t
391 *0492 .0295 1 .84 6 .3 3320 82.6 .771 30.6 1 .54
393 .0492 .0214 1.65 6 .3 2280 28.4 .771 52 1 .46
-411 •0435 •0346 1.53 5.57 3690 106 .617 23 .4 1.575 t*.
424 .0101 .038 .212 1.3 3820 120 .049 6*4 2.08 8
433 .0145 ,037 •416 1.86 3720 112 .0914 9 2.13
rH
435 *0146 .0303 .33 1.815 3070 7 9.6 .093 10.8 1.75 !
437 .0143 .023 .282 1.833 2330 36.8 .089 15.55 1.78 P  I ♦ !
W ' .02 .0425 *68 2,56 4330 1W3 .16 10.4 2 .06 - p  |
442 .02 .0345 .5 2.56 3520 102 .16 12.5 1.77 <D 1H  j
454 .028 .0312 .807 3.59 3270 86 .287 18.35 1.67 rQ  |■S463 .032 ,0328 .995 4.1 3470 95.6 .362 19,45 1.655
477 .0388 .019 1.13 4.97 2050 21.3 .508 48.3 1.49 1
398 .0492 .1013 1.38 6.3 1095 11.3 .771 82.6 1 .34 1 - 7 13910 .0492 .00625 1.295 6 .3 i 662 6.34 .771 1106 1 .3
439 • .0537 ! .00906 1.57 6.88 976 9*93 .896 95 ' 1.365 c
4011 •0537 .00318 1.46 6.83 344 3.48 .8961160 1.28 ♦ \> \
4112 .0435 I ♦00514 1.075 5.57 }■ 543' 5.68  
718 1 7 .7
.6171104 1.32 *-p ;
4312 .0143 .007 .23 1.833 .089 34 1.61 0
4412 ♦02 .0094 .414 2.56 j' 970 10.35 . 1 6 39.3 1.608 ) H  ! ^  :
4512 .028 .0065
....
.653 3.59 688 7 .1 4 . 289; 63.5 1.505 1 *3 
1 «
T ests No. 688 to  623 are fo r  the v e r t ic a l rough pipe
" tt 541 11 613 « ** « horizontal rough pipe
« « 1713 H 3?10 ,, „ tt „ galvanised pipe
n » j y j  u 45-12 11 M ” v e r t ic a l galvanised pip©
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Appendix I  .
C r i t i c a l  dep th  f o r  a p a r t l y  f i l l e d  p ipe
Area o f  w a te r  s e c t o r  ? S^ijf J ^  y£> — ^
( see F ig .  ( 1 0 ) ) .
mean v e l o c i t y  = I/  ^ ^   (48)
"  a -  W i ^ W )
i s*  CD2mean K .E . / l b  = r -------------- --------- !A
^ a y c * - 1 ^ ) 2
d.d ep th  a t  th e  c e n t r a l  s e c t i o n  = 4  (1 -  cos 0 )
I f  p = p r e s s  a t  a s e c t i o n
d+ yi -  cos &)
'UJ
T o ta l  energy  = ±5 = 4-j- (1 0  ly
The d e p th  w i l l  be c r i t i c a l  when t h i s  energy i s  a minimum
. •> dn /->i . e .  , when -37* -  0
(49)
2.
»*• O r  ^  S/V? ----- X ^ ^
2 2i ( 4 ) *  ( * -  ■ & £ * ■ ) •
/  , s / n z 4 > \ 3
Lviv ,  S '” ^  ~  ST' " J
3 2  (  I -  c s < S  - 2 ^ ^ )  ( 5 ° )
This  i s  th e  e q u a t io n  f o r  0 n c o r r e s p o n d in g  to  th e  c r i t i c a lc
d ep th  ”dc M and dc = ( l  -  cos  0C) (  |  )  ( 51)
-  1 9 5  -
The v a l u e s  of  0 and d a r e  g iv en  i n  the  
f o l lo w in g  t a b l e  f o r  d i f f e r e n t  v a l u e s  o f  .
f t ^ / s e c .006 .007 .008 .009 .01
'(Si o
o 122 .5 130 138 145 148
dc in c h .77 .822 .8? .91 .924
f t 3 / s e c .0125 .015 .02 .025 1 .03
j
o 
o 
TSi. I! 158 163 170 173 176
d„ in c h  c .963 .978 .99 .993 .999
A curve  of Qw and dQ i s  drawn i n  F ig .  (44) 
showing t h a t  w i th in  t h e  range o f  t e s t s ,  t h e  d e p th  of  w a te r  
f a l l s  q u i t e  w e l l  below t h e  c r i t i c a l  d ep th .  The minimum 
and maximum Qw f o r  th e s e  s e r i e s  of  t e s t s  ranged  between 
.0085 and .02 f t ^ / s e c .  S u b s t i t u t i o n  i n  e q u a t io n  (48) (from 
Table ( 1 1 ) )  to  g e t  th e  minimum and maximum v a l u e s  of  0 
gave : -
max. 0 «=. 103°,  c o r r e s p o n d in g  d ep th  = .6 0 8 ” 
min. 0 ~= 70° ,  " " -  .351"
which a r e  f a r  below t h e  c r i t i c a l  d e p th .
4 - j - . +■'*]—4 |
4-4--+ -{.• f  - 4
•~j—H
1H-
-4- 4
4 4 -
- 4 4 4 : 1  jit1 
4  m J i c y 3 a 4 n ^ 5 m s f 5
Appendix II
M a r t i n e l l * s  Theory o f  Two-phase, Two-Component f low
i n  P ip es
I t  i s  a m a t t e r  of g r e a t  i n t e r e s t  to  compare th e  
r e s u l t s  w ith  th e  well-known th e o ry  of M a r t i n e l l i , a summary | 
o f  which i s  g iv en  below. (For  f u r t h e r  d e t a i l s  see r e f e r e n c e  ! 
( 2 8 ) ) :
fhe  s t a t i c  p r e s s u r e  d rops  f o r  the  l i q u i d  or gas  may 
be g iv en  by th e  u s u a l  Fanning fo rm u la  : -
f
/ .4 a )  3 4  f u  ■ ^  . _Kjz
y^xJre du
/ d p ) „ A  • v<\  , K *
and W x / t *  ~ <  4
where th e  s u b s c r i p t  u> r e f e r s  t o  the  l i q u i d  and
a « " ” gas
For a complex c r o s s - s e c t i o n ,  such as  t h a t  p o s s e s s e d  by 
th e  f l u i d s  i n  th e  p i p e ,  the  f o l lo w in g  r e l a t i o n  may be w r i t t e n :
4"  ( f  <-C) and 4  * / 3  (% ) 54)
where and y S  a r e ,  i n  e f f e c t ,  the  r a t i o  of t h e  a c t u a l
c ross-? .sec t iona l  a r e a  o f  f low to  the  a r e a  o f  a c i r c l e  of  
d ia m e te r  d w and d^ r e s p e c t i v e l y .  Both  cx  ^ and / S  
can be de te rm in ed  from e x p e r im e n ta l  d a t a .
-  1 9 8  -
• • ^  ~ ------- . and J /  ,  W k  (55)
" « < & ; )  » *  *
The f r i c t i o n  f a c t o r s  f  , f  may be e x p re s se d
w a
i n  t h e  g e n e r a l i z e d  B l a s iu s  form ;
f .  a ----4 - .  a n d  ^ (56)^  /  O ^ ^ /—) *n
S u b s t i t u t i o n  o f  eq u a t io n s  (53, (56) i n t o  ( 5 2 ) ,  (55)  
and eq u a t in g  th e  l a t t e r  two e q u a t i o n s s -
2 ~n n r j  2 -*o
_ t j  k d  ^ 0  X J  / 7T\ / coy
^  '  c  M , 2" > r  ^ z _ n  { 4 j
R e tu rn in g  to  e q u a t io n  (52)
( d ^ \  =  _g C  >4,
\ d x  / ~ p p
t ( * r n c „ A i :  u / j -  P"'Y^ r"
I t  i s  c l e a r  t h a t  th e  t e r n  i n  b r a c k e t s  i s  t h e  p r e s s u r e  drop 
f o r  the  l i q u i d  f low ing  a lone :
put -  4
S i m i l a r l y  from e q u a t io n  (55)  we ge t
rrj ~ >n
From the  p o s t u l a t e  t h a t  th e  l i q u i d  and gas  volumes a r e  
equa l  to  the  p ipe  volume we have:
/ 3 u :  = s
l i k e w i s e  / F =  ( l -  ( - ^ )  (60)
In  a l l  th e  e q u a t io n s  th u s  f a r ,  f o u r  v a r i a b l e s  have 
appeared ,  namely d ^  / d ,  d&/ d  , o< and / 3  , which can
be ex p re s se d  In  terms o f  f o u r  e x p e r i m e n t a l l y ..de te rm in ed  
v a r i a b l e s  0 W , 0 , h w and R .
I t  w i l l  be observed  t h a t  i n  e q u a t io n  ( 5 7 ) ,  i n  a d d i t i o n  
to  the  above-mentioned v a r i a b l e s  t h e r e  i s  one more v a r i a b l e
where 3to /9
1 9 9  -
2 0 0  ^
 ^ m - n  ^  . z - n  m. *
equal  to  /  4  J # jCt± , Wu> m Cduj % /*'*»
\-rrd  /  Q  u / * - ” ««■  > C
which-can  a l s o  be w r i t t e n :
i t  i s  c l e a r  t h a t  X'
I t  i s  now p o s t u l a t e d ,  s u b j e c t  t o  e x p e r im e n ta l  v e r i f i c a t i o n ,  
t h a t  a l l  t h e  p a ra m e te r s  d w / d ,  d ^ /d ,  o< and / 3  ,
o r  t h e i r  e q u i v a l e n t s  0^ , 0 a » R ^  ? R a re  f u n c t i o n s  
o f  X.
During two-phase f lo w ,  f o u r  ty p e s  can  e x i s t  : t . t . ,
v . t . ,  t . v .  and v .v .  For th e s e  ty p e s  the  p r o p e r  v a lu e s  of
m, n ,  Cj, and G a re  g iv e n  i n  th e  fo l lo w in g  t a b l e s -  w a
Flow Type
t  . t  . v . t . t . v . v .v .
m .2 .2 1 1
n .2 1 .2 1
.046 16 .046 16
Ca .04-6 »046 16 16
The fo l lo w in g  t a b l e  summarises a l l  th e  a l g e b r a i c  r e l a t i o n s  
between th e  v a r io u s  param eter 's .
P a r a m e t e r 1 9 1 *
L .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
V . t , t . v . V . V .
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The f o u r  flow ty p es  have been c o r r e l a t e d  by means of th e  
p a ra m e te r  X and c u rv e s  have been p r e s e n te d  f o r  th e  
p r e d i c t i o n  o f  p r e s s u r e  drop and f o r  the  p r e d i c t i o n  of 
f r a c t i o n  o f  p ip e  f i l l e d  w i th  l i q u i d  o r  g a s ,  showing a 
r e a s o n a b ly  good c o r r e l a t i o n .
According to  t h i s  t h e o r y ,  th e  p a ra m e te r s  0 and X 
were c a l c u l a t e d  f o r  t h e  two ty p e s  o f  f low o b ta in e d  i n  t h i s  
t h e s i s  and th e  r e s u l t s  were compared w ith  M a r t i n e l l i ,  as
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shown i n  F ig .  (4 3 ) .  I t  i s  c l e a r  t h a t  th e  p o i n t s  f o r  th e  
h o r i z o n t a l  g a l v a n i s e d  p ip e  i s  th e  n e a r e s t  to  th e  curve  ; 
w h i l s t  th e  p o i n t s  o f  a l l  the  o th e r  p ip e s  ( e s p e c i a l l y  the  
v e r t i c a l  ones)  f a l l  o f f  th e  curve  hu t  s t i l l ,  the  p o i n t s  f a l l  
i n  the  range o f  p e r m i s s i b l e  e r r o r ,  as  the  v a l u e s  of  the  
two-phase p r e s s u r e  d rops  p r e d i c t e d  by M a r t i n e l l i 1s cu rv es  
have a maximum e r r o r  -  30% of  a mean drawn cu rv e .
A n u m er ica l  example i s  g iven  to  show how the  j
p a ra m e te r s  0 and X were c a l c u l a t e d  ;
Hun Ho. 33-10 = .0104 f t ^ / s e c .  Q = 493 f t ^ / s e ca ■ t
p ipe  mean p r e s s u r e  Mp ^ “ = 17*37 p s i a ,  twophase p r e s s u r e  j 
d rop  ,!d p m rt .832 p s i  j
* X  • i" • -
Water te m p e ra tu r e  = 63°F a i r  t e m p e ra tu r e  = 63°F. !
a i r  d i s c h a r g e  reduced  t o  mean p r e s s u r e  o f .  p ip e
^ a  = x T7737 ~ *^418 f t ^ / s e c  = 3 0 .8  x l O ^ l b / ' s e  
s p e c i f i c  weight of  a i r  reduced  to  mean p r e s s u r e  of  p ip e  
= .0866 l b / f t 5 
Reynolds no. i f  w a te r  i s  f lo w in g  a lone
H ^ ~_—_*Q104 x_62 .4  x 12 ^
" i  n J l A *  n x  •986 x 32 x .225 x 10-4  = 1 ,3 9  x 10
f o r  which f^ = .012 ( see  F ig .  (2 3 ) )
Reynolds no. i f  a i r  i s  f low ing  alone
E 4  K  = 4 - * U 6 -Q * i q - 4 x 12 _ 4?40
ttJ h/U* tt x .986 x 32 x .3743 x 10~b
f o r  which f.-. = .0097 ( s ee  F ig .  ( 2 3 ) ) .  !
p r e s s u r e  l o s t  i n  f r i c t i o n  i f  w a te r  i s  f lo w in g  a lone  i n  p ip e
d P i
32f . i  to e  1 32 x .012 x 10 x 6 2 .4  x .0104 x 12'
TT^gd^ x 144 7T^  x 32 x . 936 x 144
= .131 p s i
p r e s s u r e  l o s t  i n  f r i c t i o n  i f  a i r  i s  f low ing  a lone  i n  p ip e
d p
32f 21 u j^ s
2
a 32 x ,009? x 10 x .0866 x .0418 x12
3
2 7T2gd5 x 144 7T2 x 32 x x 144
- 4' =« 27 .6  x 10 p. s .  i .
X =
-  2 .343
2 7 .6  x 10 .4
7 0 38
as i s  g iven  by M a r t i n e l l i  * s c u r v e s ,  a t  t h i s  va lue  of X, 
0 should  have th e  v a lu e  o f  1 .9  •
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Appendix I I I
C a l c u l a t i o n  of the  f r a c t i o n  of p ipe  a r e a  occupied  by 
a i r  from the i n e r t i a  p r e s su re  r e a d in g s
( a ) Ho p i  z ont a l  Pi pe
I f  p^ = mean p r e s s u r e  i n  the  h o r i z o n t a l  p ip e  
= max, " a f t e r  va lv e  c l o s u r e
V^  = volume of  a i r '  i n  the  h o r i z o n t a l  p ipe  
“ Aa x
and i f  a i r  i s  c o n s id e re d  compressed i s o t h e r m a l l y
P2
vVork done = p^V^log —
K in e t ic  energy ( K, h . ) o f  water  i n  th e  2 t! p ip e  (from
pump to  p o i n t  o f  a i r  i n j e c t i o n )  a v^
2go
v u
' t o t a l  (L^A^) ^ ^
where = l e n g t h  of the  2 M p ipe
= s p e c i f i c  weight of  w a te r
2v
T o ta l  K.2. of w ate r  i n  the  1" p ip e  =
a i r  M ” u ” v^
a t - ( V a >  W 2
where kC2 a s p e c i f i c  weight of a i r
piA l a s t i c  energy of w a t e r / u n i t  w eigh t  « ------
° N
where p* = i n e r t i a  p r e s s u r e  £ » Bulks modulus
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energy  consumed i n  com press ing  a i r  « p^L-A lo g  p2t I oL ——
P1
I f  th e  weight of  a i r  i s  n e g l e c t e d  w ith  r e s p e c t  t o  
t h a t  o f  w a te r  and the  c o m p r e s s i b i l i t y  of w a te r  w ith  r e s p e c t
it o  a i r  and c o n s id e r in g  t h a t  a l l  the  t o t a l  K.2. a v a i l a b l e  j
i s  consumed t h u s  i n  com press ing  the  a i r :  ;
v 2 v 2 ' I
2g * ~ ~  ( L ^ y  ) ^  = P/jLyjA&log  — 2 (61)2g
as
= 1 , 3 1 8  and A = .A + Afcl-a w
The e q u a t i o n .co u ld  have th e  form :
f t
p i
? -  f t  r  f t  -  '-3Z3  u ' • d L  1  , J £ l  . 
“  * L  Z f r f i  f f l ' S & J  * *
2
to __
2
/  -
. 3 2 3
2
p , i* y  ( 6 2 )
which i s  a q u a d r a t i c  e q u a t io n  i n  Aw /A hence A /Aa
cou ld  be known.
( b ) V e r t i c a l  P ipe
A f t e r  knowing t h e  volume of  a i r  i n  the  h o r i z o n t a l  
p ip e  fo r  d i f f e r e n t  c o n d i t i o n s ,  the  volume of  a i r  i n  the  
v e r t i c a l  p ipe  could  be c a l c u l a t e d  from th e  max. p r e s s u r e  
r e a d i n g s  f o r  the  v a lv e  f i t t e d  a t  th e  end of th e  v e r t i c a l  
p ip e  t h u s : -  •
-207 ■*
v2
T o ta l  IC.E. of  w a te r  i n  t h e  2" p ip e  « —  (L^A?) & *-*g 3 3 i
" M " H M •" 1" h o r i z o n t a l  p ip e  =
2v
£g~ ^  \  W1
“ M '4 ,f ” u 1 ” v e r t i c a l  p ip e  =
’ 2
* a 2A'u ) ^
where v^ = v e l o c i t y  o f  w a te r  phase i n  the  v e r t i c a l  
p ip e ,
* l e n g t h  of v e r t i c a l  p ip e  and  
A'w « a r e a  of w a te r  phase .
T o ta l  A.E. of a i r  i n  the  h o r i z o n t a l  p ipe  «
v 2
f  ( g A p  U 2
rg  ■
T o ta l  h.Ee of a i r  i n  th e  1 '* v e r t i c a l  p ip e  -
V ' ^3.
r
i l a s t i c  energy  of  w a t e r / u n i t  weight = Pj
2 ui, K ""
Energy f o r  com press ing  the a i r  i n  th e  h o r i z o n t a l  1"
oe a t  a mean p r e s s u r e  of  p* « p ’L^A1 lo g  p 2A -tia 2 a °  —r
P1
o!f the  weight o f  a i r  i s  n e g l e c t e d  w i th  r e s p e c t  to  
t h a t  o f  w a te r  and th e  c o m p r e s s i b i l i t y  o f  w a te r  w i th  r e s p e c t  
to  a i r  and c o n s id e r in g  t h a t  a l l  the  K.E. a v a i l a b l e  i s  
consumed t h u s  i n  com press ing  the a i r ;
( 6 3 ) :
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z f ( L * /)^ U‘ + l f ( L ' ^ ) u' +  z f Z( L * / £ ) U' 
-- f ? L> h  fF;  +  f ?  L 2 $  h  &
which cou ld  be s i m p l i f i e d  t o  th e  fo rm : -  
( # / -  « ( # )  + / °
which i s  a q u a d r a t i c  e q u a t io n  i n  (A h , /  A)
*  ,  , ... ^  4?  #  *  ■ "4Sf> § t lv w -  - T t k  C “  + 2 6 ’ ■ & )c \  oem g -  , y. / p
1?  A  l * j f ~* /
(64*)
id 0  « .  a ,
*/
o i j / t  - |-  > —r
- h  « 2.61 and — 2 = J.4A
J"2 Lp
The v a lu e  of A /A cou ld  be de te rm ined  from thea
p re v io u s  s e c t i o n  f o r  t h e  h o r i z o n t a l  pipe*
To i l l u s t r a t e  the  use  of t h i s  method a n u m er ica l  
example i s  g iv e n  below* 
hxample: a.  H o r i z o n ta l  p i p e : -
Run no* 50-4$; 8 f t 'V s e c
Q = . 00657
d i
p ip e  mean p r e s s u r e  "p^ " = 27 • 4 p s i a
maxi o r d i n a t e  of i n d i c a t o r  d iagram a f t e r  v a lv e  c l o s u r e
= 31 in ch
X o
i n d i c a t o r  s o r in g  : 1" -  $0 p s i
• t • • « #
Air  d i s c h a rg e  reduced  to  mean p r e s s u r e  of p ipe  
0 ,0  = Qa x m z _  = .00657 X  n u  = .00353 f t 3/ s e o
a  a   ^ a  ( •  h-P1
0m ix tu re  r a t i o  6to = .0538 i c ->n
l e P '  .00353 “
3imax. p r e s s u r e  a f t e r  v a lv e  c l o s u r e  nP2 M =v^2 x +14.^
= 43 .73  p s i a  
S u b s t i t u t i n g  i n  e q u a t io n  (62)  we have :*
. oS3 8 26 f l  J  i  2 X 3 Z X  27 .*  x
£
6 Z U  . o S 3 8  _—i I. ■ »■ i ■ ■"■' ' ' * •       —
* 2  X 3 Z  K  £  I L  ( J i £ g 9 ) 2J  *  t i i l i  *  Z 7 . < (  *  '  4
which reduces  to :  “ • 9 8 3 ^ - t^)+ .031 = 0
* ^  M = .929 and th u s  ^a  « .071
* * A A
b . .  V e r t i c a l  P ipe :
Tun ho. 51-53: P , 8 .0492 f t ^ / s e cUJ
Q,a = • 0098
mean p r e s s u r e  i n  the  h o r i z o n t a l  p ip e  p^= 25*6 p s i a  
u ” " v e r t i c a l  " pjj = 17*05 p s i a
-  2 1 0
max. o r d i n a t e  o f  i n d i c a t o r  diagram a f t e r  v a lv e  c l o s u r e  
* 9 /16  inch.
i n d i c a t o r  s p r in g  : 1 ” * 30 p s i .
"* ^ •••  ■* »»« “* *•
a i r  d i s c h a r g e  reduced  to  mean p r e s s u r e  of  the h o r i z o n t a l  
p i p e ,  <q = .0098 X  r g Z 5 = .00845 0 W/Q^ = 8 .7 5
a i r  d i s c h a rg e  reduced  to  mean p r e s s u r e  of th e  v e r t i c a l
p ip e  q! -  .0098 x - T S Z  _ .00845 q w /Qi « 5 .83
a 17-05 a
At a Q*>/Qa = 8 .7 3  f o r  th e  h o r i z o n t a l  p ip e  A / A  = .1 
(from F ig .  ( 1 4 ) ) .
S u b s t i t u t i n g  i n  e q u a t io n  (64)
where
<* ,  /?' f> b  - k  *  ■ « * t r .  f‘ -  f t #  s i  r  *• ■" C >
tnd
f 3  ■=. - 4 —  . — £ £ * _
'  2 3 #
rt
. / x.2/f 4 ' 2 - V X . ^ j ' j )
2 K 3 Z A £jT(Mj2?J*J
i7.  o r  *  .  t / j
= . 9 4 4
-  2 1 1  -
and 42 U X 4 O 4*12-
'* *  a / W x . < / 7
# o  S' <* S~
.\ l iq u a t io n  ( 6 4 )  r e d u c e s  t o (%1-  . 944 A’ ,W | 4-
A -  . 8 8 4  and t h u s  = ,1 1 6A
0505 = 0
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Appendix IV
Theory of  gauge used  f o r  P r e s s u r e  Loss  measurements  
I f  OJ = s p e c i f i c  w e ight  o f  water
= " M M c c i 4
(J = n " ” m ix tu r e
h f  = f r i c t i o n - l o s s  i f  w a ter  was f l o w i n g  a l o n e
( f t .  w a te r )
h^m * M M M m ix tu r e  i s  f l o w i n g  " M
( " " )
h = gauge d i f f e r e n c e  i n  ca se  of  w a te r  f low  b
hg = ” rt " ” ” m ix tu r e  M°in .
and n e g l e c t i n g  th e  w e ig h t  o f  a i r  w i th  r e s p e c t  t o  w a te r ,  we
have f o r  z ero  d i s c h a r g e  ( F i g .  ( 4 6 a ) ) : -
p2 + w h 2 = p7 + u>c h2 + u c hy (65)
+ w hg = Pn + wz + w hy (66)
»\ p^ + toh^ -  p^ + “ wz -  +
b u t  p 5 = = p^ = p ,  (67)
and = p£ * u) z (6 8  )
p„ = ui z ~ vt/lr> + +w.hr -  k» z -  whn -f + u> hn, i A ^3 b /  c ^ c /
b u t  p1 + w h 1 -  p^ + wc h^ + (69)
+. - w h ^  s oo -  uj h .^ + w c^2 ~ tuh,-? + (70)
S e c o n d l y ,  w i th  w a te r  f l o w i n g  ( F i g .  ( 4 6 b ) ) ; -
,Pp  + w h-2 = Py + + ^ 0 ^ 7  ( 7 1 )
- 214 -
and p6 + w h & = + wz + w h ^  ( 7 2 )
•'« p 2 + to + to h^ -  to z -  to hr? + + ^ c h7
bu t  p6 = p ^ « Pzf - w h g = p^ ( a s  p^ - p^)  ( 73 )
and p^ * p^ + (Z + hf  ) to (74)
»V p 0 + to h 0 = p x -  toh + to hr -  to z - u> hn -f to h0 + ur h02 2 3 g b /  c 2 c /
*'* 25 (^ + h ^ ) to -  to h2 + -  to h + to h.0-  to z -  w h^-f
+ w c h 7
bu t p>, + w h 1 = p 5 + wc h 5 + w o h1 - ( 7 5 )
P j  + wc h j  + wch^ = wz + w |if  + p j -  whr  + to ! ~ to z +
wQh2 + wc *17 ““ ^ ^ 2
Using (70) we have :
kf  -  &g - (76)
F i n a l l y ,  f o r  th e  m ix tu re  f low ing  (F ig .  ( 4 S c ) ) i -
p 2  +<oh2  = P7  + ^ c h 2  + w c hr7 . ( 7 7 )
and p^ + to h^ = p^ + to z + to h^ ' (76)
p 9 + to h 9 = p r + to l v . to z - w h n  *f to i u  + w bn
w  O  O  • * f Ci/ C ^
b u t  p& = p^ = p4 -  wbg^ = p5 - w h g m ( a s  p^= p^) (79)
and p^ = Po + wm2 + w h j
^ m
•  % p^ +Wh0 = p* -  tohg^ + ioIl- -  to z ~ to h n + W h 0 + uJ„h0 x d 2 3  ^ m b / c 2 c . /
" P1 = w mz + w h fm “ w h 2 + p5 " + wh6 “ wz
+ w c h2 + w.h?
~  2 1 5 -
b u t  + tJ h^ = ,+ (Q1 )
p3 + h h3 + l J c h 1 " wh1 = Hiz + w h r a  - * ° h2 + p3 " whBm
+  u j  h . .- - w z  - W L  +  w  h 0  +  U i h no  7 c h c 7
u s i n g  ( 70 )
u/h~ « to hg  + z ( w -  w ) o r  im K nr
' h fm -  + (  > “ ( 8 2 )
s i n c e  w e i g h t  o f  t h e  c o lu m n  o f  m i x t u r e  = w e i g h t  o f  t h e
c o m p o n e n t s  of t h e  m i x t u r e  o f  a i r  and  w a t e r
^  • H.Zj — « J-i. Z A L*J • A . j(jin a a w
where UJ = s p e c i f i c  weight o f  a i r ,  A = p a r t  of  p ipe  ■ a . a
occup ied  by a i r ,  A ^  = pax't occup ied  by w ater
,.t j j a  = y 4 _  . Aa_+ a w 
to t o  A J.—
A = hg' + Zim ‘ °m
and s ine e A = A w a Aa
A A, Vu) + __a .
A A UJ /
A A♦w * w A a
A I ~ A
A h« = hg fm °m
which cou ld  be approximated  to
A
(84)
U)
f  ~m
hjr» = hg r. + Z
as /  cd i s  n e g l i g i b l e  w i th  r e s p e c t  to  1. a
In  the  case  of  th e  h o r i z o n t a l  p ip e  Z -  0 and 
^  •
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